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Chapter 1: Background and literature survey 
1.1 Electrochemical energy storage 
Sustainable energy generation/conversion and efficient storage at affordable cost is one of the key 
challenges of the 21st century. High energy and power density energy storage systems, such as 
supercapacitors and batteries, are needed for the transition of a gasoline-powered vehicle fleet to 
electric, to boost large-scale industrial growth with minimal environmental impact, and to store 
more renewable energy (e.g., solar, wind, etc.) for the grid-scale applications.[1,2] Moreover, to 
fully exploit the potential of renewable energy sources, it is required to develop safe, economical, 
robust, and reliable electrochemical energy storage systems (EESs) that can manage the rapid 
fluctuations caused by the mismatch between generation and consumption of electricity, which 
otherwise can cost tens of billions of dollars annually.[3]  
Batteries and supercapacitors are the major EESs which offer high energy and power 
density, respectively. (Figure 1, Ragone plot).[4,5] The research efforts to improve energy and 
power densities of the mono or multi-valent batteries (e.g., Li, Na, Mg) have become more 
widespread in recent years.[6] However, they require long charge/discharge times due to diffusion-
limited redox mechanism (Figure 2g-i), which limits their use in high power devices. Moreover, 
state of the art battery technology still has safety and poor cyclability issues.[7] Alternatively, 
research in the field of supercapacitors gained significant attention due to their high-power density 
and long cycle life. These devices are composed of two highly conductive electrodes separated by 
an electrolyte having mobile ionic species. A conventional capacitor store potential driven opposite 
charges on two parallel conductive plates separated by a dielectric.[8] Unlike a conventional 
capacitor, however, supercapacitors store charges via adsorption of ions at the electrode-electrolyte 
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interface (Figure 2a). The adsorption/desorption process is highly reversible, resulting in high 
power delivery (10 kW/kg) within few seconds (Figure 1) and can be charged/discharged millions 
of times.[8] In addition to these benefits, supercapacitors are considered as safe and scalable 
technology which enabled their commercial application in electronics, transportation, energy 
regeneration, load leveling, and in mass transit industry.[4]  
 
Figure 1: Ragone plot of various electrical energy storage devices showing the trade-offs between energy and power 
density of the energy storage systems.[4] Star in plot indicates future research direction. 
1.2 Supercapacitors vs. rechargeable: Charge storage mechanisms  
Supercapacitors store charges via surface reactions of an electrode materials. Based on charge storage 
mechanism, they can be divided into two categories: (1) electrochemical double layer capacitors 
(EDLCs), and (2) pseudocapacitors, where former relies on the electrosorption of the ions at 
electrode/electrolyte interface and later is based on the redox reactions.[4] Carbon materials with 
high surface areas are typically used in commercial EDLCs. Although their power density is high, 
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their energy density, E, is significantly lower as compared to batteries. One way to increase the 
latter (E = 0.5 CV2, where C is capacitance and V is voltage) is to use pseudocapacitive materials, 
such as metal oxides or electrochemically active organic molecules/polymers.     
 
Figure 2: Charge storage mechanism and their electrochemical response in (a-c) EDLCs, (d-f) pseudocapacitors, and 
(g-i) rechargeable batteries.  
Since both pseudocapacitors and rechargeable batteries store charges by reversible redox 
reactions, therefore, often battery materials are reported as pseudocapacitive materials in literature.[9–11] 
Thus, it is necessary to clarify the major differences between a battery and a pseudocapacitive material. 
Two major parameters can be used to distinguish between a battery and a pseudocapacitive 
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materials: (1) phase transformations, and (2) kinetics.[8,12,13] In a rechargeable battery material, the 
capacity is proportional to the intercalation/de-intercalation of cations (e.g., H+, Li+, Mg2+ etc.) within a 
crystal structure, causing a faradaic charge transfer.[14] For instance, the capacity of a nickel–metal 
hydride or a lithium-ion battery depends on the intercalation/de-intercalation of protons or lithium ions, 
respectively. During charging of a LiCoO2–graphite battery, de-intercalation of lithium ions takes place 
from LiCoO2 (cathode) to form CoO2. During discharge, the reverse reaction occurs.[15] Such 
electrochemical reactions usually cause phase change, and are limited by cation diffusion within the 
crystalline framework of a redox active material (Figure 2g-i). Although, pseudocapacitive materials 
follow surface redox reactions, however, redox transitions in pseudocapacitive materials are highly 
reversible—not diffusion controlled—and no crystallographic phase transformation occurs during a 
pseudocapacitive electrochemical operation.[8,10,13–16] This is a major difference between a 
pseudocapacitive and a battery material.   
1.3 Types of pseudocapacitive mechanisms 
There are three ways by which pseudocapacitance arises in a material, underpotential deposition, 
redox pseudocapacitance, and intercalation pseudocapacitance (Figure 3).[8,17,18] Underpotential 
deposition (Figure 3, left) involves the deposition of a monolayer of metal ions on a different metal 
at potentials positive from the reversible Nernst potential (e.g., underpotential deposition of 
monolayer of silver on gold).[19] This is probably the least explored mechanism in literature for 
supercapacitors. Much attention has been paid to redox pseudocapacitance in which potential 
driven adsorption of ions occur on surface of a redox-active material accompanied by a faradic 
charge transfer (Figure 3, center).[8,20] Pseudocapacitive materials such as hydrous ruthenium oxide 
(RuO2 - xH20) or 2D transition metal carbides (MXene) offer mostly surface redox 
pseudocapacitance.[21–23] Third, and most recent, example of pseudocapacitance mechanism is the 
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intercalation pseudocapacitance in which intercalation/de-intercalation of cations occur in the bulk 
of an electroactive material, without crystallographic phase change (Figure 3, right).[17,24–26] Unlike 
a battery material, the redox reactions in an intercalation-based pseudocapacitive material are 
independent of diffusion limitations. Moreover, intercalation pseudocapacitance mechanism 
combines the benefits of a battery material (charge storage within bulk) and a supercapacitor 
material (rapid). Pseudocapacitive oxides such as Nb2O5, TiO2 (B), and MoO3 are widely explored 
in non-aqueous electrolytes for intercalation pseudocapacitance.[15,16,24,25]  
 
Figure 3: Distinct types of reversible redox reactions which cause pseudocapacitance.     
1.4 Electrochemistry as a tool to distinguish between pseudocapacitive and 
battery materials 
Electrochemical techniques offer unique signatures which enable to distinguish between a 
(pseudo)capacitive and a battery material. For example, cyclic voltammetry (CV) experiments offer 
useful kinetics information. Diffusion controlled and surface redox reactions can be distinguished by 
examining the CV data at distinct scan rates (mV/s) using the following relation:[13,27] 
i = avb, 
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where i is the current (A), v is the scan rate (mV/s) of the CV experiments, and a and b are two adjustable 
parameters.  In above equation, the value of b offers information about charge storage mechanism in an 
electroactive material which can be calculated from the slope of the plot of log(i) vs. log(v).[15,16] When 
considering kinetics, the current response in a battery system follows semi-infinite diffusion (i.e., 
i~v0.5), however, a pseudocapacitive material exhibits a linear sweep rate dependence on current 
(i.e., i~v) according to the following equation.[12,15,16] 
i = CAv 
where i is the current (A), C is capacitance, and A is the surface area of an electroactive material. The 
capacitive contributions to the total charge storage can be calculated by using the following 
formula:[15,17,27] 
i = k1v + k2v1/2, 
In this equation, the k1v contribution is capacitive effects and k2v1/2 shows diffusion controlled Faradic 
processes. By knowing k1 and k2 at each potential will allow the separation of capacitive and diffusion 
currents.   
In addition to these analysis, the shape of a CV curve offers significant amount of information 
about electrochemical processes within an electrode material.[28] In some cases, it is easier to distinguish 
between EDLC, pseudocapacitive and battery materials than others. For instance, MnO2 shows near 
rectangular CV, like EDLCs (Figure 2b), where multiple surface redox reactions occur leading to 
pseudocapacitive charge storage mechanism, making it difficult to comment on charge storage 
mechanism by just looking at the CV curve.[29,30] A similar example is polypyrrole, where no obvious 
redox peak occurs in a symmetric device CV curve, but the charge storage mechanism is redox 
pseudocapacitance.[31] Though, the situation is different for discrete pseudocapacitive organic materials. 
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For example, quinones show proton-coupled electron exchange on carbons at moderate positive 
potentials.[32] The CV response shows pronounced anodic and cathodic peaks with very low peak-to-
peak separation, confirming pseudocapacitive behavior (Figure 2e). These redox reactions are rapid, 
highly reversible and are independent of diffusion limitations.[33] It is important to mention that peak 
separation increases at high scan rates, usually above 20 mV/s, due to polarization processes, a common 
attribute of the electrochemical systems.[17] For a pseudocapacitive material, the corresponding 
galvanostatic charge/discharge (GCD) curve experiences little potential hysteresis between each 
charge/discharge steps, at least at low current densities (Figure 2f). As mentioned earlier, charge storage 
in batteries is usually accompanied by the phase transformation due to intercalation/deintercalation of 
the cations. This phenomenon results CVs in which oxidation/reduction peaks are clear within narrow 
potential window, and are well separated along the voltage axis (Figure 2h). Moreover, obvious plateaus 
in the GCD curves confirm diffusion controlled processes in a battery material. (Figure 2i).[13] Other 
characteristics such as low Coulombic efficiency and sluggish kinetics also show that material is not a 
pseudocapacitive material.[13] Impedance spectroscopy can further support the observations of CV and 
GCD experiments.[34] The Nyquist plot of a capacitor is a vertical line (90° phase angle). However, both 
EDLC and pseudocapacitive material may show a nearly similar trend in Nyquist plot depending on the 
microstructure of a material.[34] In a medium frequency range, pseudocapacitive materials show 
relatively higher Warburg resistance due to redox reactions compared to EDLC which is based on 
physical adsorption, and lower than a battery material. In low frequency regions, both EDLC and 
pseudocapacitive materials show vertical line, confirming capacitive behavior of the material. Several 
pseudocapacitive electrodes show semicircle in low frequency region, however, it can be suppressed by 
altering the microstructure of electrodes.[35]      
1.5 Materials for the electrochemical capacitors 
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1.5.1 Carbon-based materials for electrochemical double layer capacitors 
Both high and low specific surface area (SSA) carbons have been used as electrode materials for 
the EDLCs.[4,28,36,37] Figure 4 summarizes important characteristics of different types of carbons 
which are frequently used for EDLCs.[38]   
 
Figure 4: Most-common carbon materials used for the EDLCs, and their characterizations. 
(a) Zero-dimensional carbons 
Onion-like carbons (OLC) are zero-dimensional carbon materials having SSA ~500-600 m2/g 
with particle sizes of few nanometers in diameter.[39–41] They offer highly accessible surface for 
ion adsorption, thus, show very high-power density, however, they exhibit low capacitance (~30-
40 F/g, 2 mV/s). They are usually synthesized by annealing nanodiamond powders in vacuum or 
argon.[39,40]  
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 (b) One-dimensional carbons 
 Carbon nanotubes (CNT) are one-dimensional carbon nanostructures having SSA usually less 
than 1000 m2/g. They show capacitance between 50-100 F/g in aqueous electrolytes.[42] They are 
produced by chemical vapor deposition (CVD) methods.[43] The production cost and low 
capacitance values are the major obstacles for their commercial EDLC applications.   
(c) Two-dimensional carbons 
Graphene, a one atom thick two-dimensional (2D) sheet, offers high electrical, optical, mechanical, 
thermal, and electrochemical properties.[44] Due to its high conductivity and SSA, graphene and 
its derivatives find application as EDLC electrodes.[45] There are over a dozen of methods available 
for the production of graphene and its derivatives.[46,47] These methods can be classified into top-
down and bottom-up synthesis, where former involves exfoliation of graphite to graphene and later 
relies on molecular building blocks for the synthesis of the graphene.[48] Top-down approaches 
include micromechanical cleavage of graphite, electrochemical exfoliation in salt electrolytes 
(e.g., (NH4)2SO4, Na2SO4, K2SO4), exfoliation of graphite using intercalation compounds (e.g., 
FeCl3, CH3NO2, etc.), solvent-based exfoliation (e.g., NMP, DMF, etc.), exfoliation of graphite 
oxide followed by reduction, arc discharge and, unzipping CNT. The bottom-up approaches 
include epitaxial growth on silicon carbide, CVD growth on various substrates and several 
others.[49,50] Bottom up approaches and most of the top-down approaches suffer from the scalability 
issues due to their high production cost, strict processing conditions and low yield. Two methods 
offer potential for the scalability, and are widely studied for supercapacitor applications[47,49,51]: 
(1) oxidative-exfoliation of graphite, and (2) liquid-phase exfoliation. Graphene and its derivatives 
has already shown a potential for the capacitive charge storage, but its charge storage capacity 
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(<200 F/g) alone may not be sufficient to meet the future growing energy storage demands.[45,52,53] 
Restacking of the graphene sheets also remains another key challenge for the graphene, which 
limits the ion mobility.[47,49,51] 
 (d) Three dimensional carbons 
Activated carbons (AC) are three-dimensional (3D) carbon nanostructures. They are produced by 
carbonization of the natural carbon precursors in inert atmosphere followed by their chemical 
activation using KOH, or physical activation using CO2 or other gases as an activating agent, to 
produce high SSA (1500-2000 m2/g) carbons.[54–56] The produced carbons contain micropores (<2 
nm) and/or mesopores (2-50 nm), suited for the electrosorption of the ions for the EDLCs 
applications.[37] AC are relatively inexpensive, scalable and mostly exhibit high capacitance (<200 
F/g, organic electrolytes) compared to other carbons, thus widely used in commercial 
supercapacitor devices. Despite tremendous efforts to develop carbon-based materials for 
supercapacitors, such as reduced graphene oxide (rGO), CNT, carbide derived carbons (CDC), and 
OLC, AC still is the material of choice for commercial supercapacitors. This is due to its moderate 
cost, high SSA, mediocre conductivity, high electrochemical performance and compatibility with 
other materials, for example, conducting polymers (CP).[57,58] Therefore, inexpensive synthesis of 
the AC with developed porosity using biomass, waste products or other low cost and 
environmentally benign precursors has been explored for the development of next generation 
supercapacitor materials.[58–60] Towards this goal, synthesis of AC from biomass and waste 
products has gained significant interest recently. For example, Wang et al. produced high SSA 
carbon nanosheets (up to 2287 m2/g) from hemp bast fibers, which demonstrated high charge 
storage capacity of 106 F/g at 0 °C, at current density of 10 A/g in ionic liquids.[61] Elmira et al. 
derived low SSA carbon from banana peels. When tested as a lithium-ion battery anode, recovered 
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carbon showed high gravimetric capacity of 1090 mAh/g at 50 mA/g.[60] Jian et al. reported the 
recovery of carbon fibers from disposable bamboo chopsticks, which have abundant natural 
cellulose fibers. These carbon fibers in combination with manganese oxide yielded a capacity of 
710 mAh/g for 300 cycles, when tested as lithium-ion battery anode.[62] Li-Feng et al. pyrolyzed 
nitrogen doped bacterial cellulose to synthesize nitrogen rich carbon, which demonstrated 195 F/g 
capacitance at 1 A/g.[63] Mandakini et al. pyrolyzed dead leaves to recover carbon of SSA 1230 
m2/g, which yielded 88 F/g capacitance in organic electrolytes.[64] Ping et al. used plant derived 
nitrogen rich carbon as a catalyst for the oxygen reduction reaction.[65] Jia et al. synthesized carbon 
from the peanut shell for sodium-ion capacitor with a high rate capability maintaining 72% of the 
initial capacity after 10,000 cycles. [66] Other waste materials used as carbon source include 
agricultural waste, rice husk, newspapers, wood and coffee.[59] Other carbons synthesized under 
controlled conditions such as CDCs, templated carbons, carbon aerogels and carbon nanohorns 
have also been explored for the EDLCs.[37,38]     
 1.5.2 Materials for pseudocapacitors 
(a) Metal oxides  
Transition metal oxides are often used as  pseudocapacitive materials to increase the energy density 
of the supercapacitors.[17] The electrochemical performance of oxide materials largely depends 
upon the structure of the oxides, and hydration characteristics. Oxide materials are categorized as 
aqueous and non-aqueous oxide materials where former have surface-bound water which may give 
inner surface for the ion adsorption (e.g., RuO2. nH2O) as well as may aid in ion diffusion to the 
inner surface.[17] MnO2 and its polymorphs, RuO2. nH2O, Nb2O5, TiO2, and V2O5 are among the 
most explored pseudocapacitive oxide materials. It has been reported that oxide materials exhibit 
pseudocapacitance which can be intrinsic or extrinsic to an oxide material, where former displays 
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several electrochemical signatures of the EDLCs (e.g., MnO2) during charge/discharge and later 
applies to those oxide/hydroxide materials which exhibit pseudocapacitance when they are 
nanoparticles (e.g., V2O5, Ni(OH)2).[8] 
(b) Two-dimensional metal carbides and nitrides 
 
Figure 5: Illustration of structure of titanium carbide (Ti3C2Tx) MXene. Zoom in on sheet shows the functional groups 
appear after synthesis via wet-chemistry route.  
2D carbides and carbonitrides called MXenes, which mostly have metallic conductivity, may offer 
a replacement for carbons in supercapacitors due to their remarkable pseudocapacitive character. 
MXenes with a general formula of Mn+1XnTx (where M is an early transition metal, X is C and/or 
N, T is a terminating functionality, and n= 1 to 3) are produced by selective etching of the A 
element layer from the MAX phases[67] – a large family of ternary carbides and nitrides. Typical 
MXene termination groups (Tx) have been reported to be F, O and OH (Figure 5).[67,68] MXenes 
have shown a great potential in Li-ion batteries,[69] Li-S batteries,[70] metal ion capacitors,[71,72] and 
aqueous supercapacitors.[73] They offer volumetric capacitance as high as ~1500 F/cm3, much 
higher than carbons and many metal oxides.[23,74] The capacitance was shown to originate mostly 
from surface redox reactions of the Ti atoms.[75] Other than 2D metal carbides, metal nitrides have 
also shown good potential for capacitive energy storage.[76,77]  
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 (c) Electrochemically active organic materials 
Organic pseudocapacitive materials offer the potential to boost the energy density of the 
supercapacitors via surface redox reactions. They are metal-free, sustainable, flexible and 
relatively inexpensive choice for the pseudocapacitive energy storage applications.[33] These 
materials can be divided into two broad categories: (1) electron conducting and (2) ion (proton) 
conducting organic materials, where both conduct electricity due to transfer of electrons and 
protons, respectively. Proton conducting class is not relevant in this thesis so discussion is omitted. 
Electron conducting organic materials are further discussed and divided into three categories 
(Figure 6).  
1.6 Types of organic materials for pseudocapacitive energy storage  
 
Figure 6: Flow chart of electrochemically active organic materials for pseudocapacitive energy storage 
(a) Conducting polymers (CP)  
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These materials exhibit semiconducting/conducting properties depending on synthesis conditions. 
CP offer good control over optical, electrical, and electrochemical properties.[78] They are 
conjugated polymers having sp2 hybridized orbitals and delocalized π electrons along the polymer 
chains. The conjugated structure of the CP allows the formation of the delocalized electronic states, 
which decide the band gap and hence electrical properties of CP. The mobility of the charge 
carriers in CP is facilitated by the conjugation and alternation of the polymeric bonds which 
provides a continuous overlap of p-orbitals to form π–π* hybrid orbitals.[79] The conductivity of 
the CP can be enhanced by doping the polymer chains via partial oxidation (p-type doping) or 
partial reduction (n-type doping). Doping (p or n type) generates charge carriers which move in an 
electric field. This movement of charges is mainly responsible for the electrical conductivity in 
CP.[80] Indeed, doping incorporates defects into the polymer matrix and are named as: soliton, 
polaron and bipolaron, where later two are considered as the major source of conductivity.[81–83] 
Solitons are less common type of defects and are not present in common CP (Figure 7).[81] 
 
Figure 7: List of the most commonly studied conducting polymers for pseudocapacitive energy storage.  
The electronic structure of CP depends on various factors such as, ionization potential, 
electron affinity, bandgap and bandwidth of the polymer’s chemical structure.[80] CP are generally 
synthesized by electrochemical or chemical processes where former provides better control over 
thickness of the films and later mostly forms polymer aggregates (Figure 8).[78,84] The widely 
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studied CP for the pseudocapacitive applications are polyaniline (PANI), polypyrrole (PPy), 
polythiophene, and poly(3,4-ethylenedioxythiophene) (PEDOT) (Figure 7). The key challenge 
with their use for pseudocapacitors is their structural degradation due to inherent challenge of ion 
doping/undoping process during charge/discharge process.[85] The approaches such 
nanostructuring and deposition on CP on carbon substrates proved a viable approach to deter these 
issues.[83]  
 
Figure 8: Summary of synthesis of conducting polymers.  
(b) Discrete redox-active organic molecules  
Unlike CP, organic redox-active compounds are not intrinsically conductive and most of them are 
insulators. However, these compounds have electrochemically active functionality which initiates 
potential induced electron transfer.[86] Opposed to CP, these molecules exhibit small structural 
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changes during each charge/discharge cycle and are less susceptible to degradation due to volume 
expansion. A good example for this class of materials is quinones (Figure 9). 
Discrete organic molecules are being investigated from last several decades for energy 
storage applications,[87] however, the research in this direction has been spurred recently when one 
can improve the conductivity and deter the solubility issues by combining them with conductive 
carbons.[88] For instance, it is possible to minimize the degradation of these materials when they 
are covalently/non- covalently attached to the conductive substrates.[89]  
 
Figure 9: Redox reaction mechanism of quinones showing reversible redox from carbonyl units of the hydroquinone. 
Many types of discrete organic compounds exist which undergo redox reactions and can 
be divided into various categories such as CP, organosulfur compounds, radical-based organic 
compounds, carbonyls, to name just a few.[90] Among them, an attractive family of redox-active 
molecules that could potentially be used as pseudocapacitive materials are carbonyl-based 
compounds.[32,33] Carbonyl compounds exist in various structures such as imides, anhydrides, 
conjugated carboxylic acids and quinones.[91] Among carbonyl-based organic compounds, 
quinones are promising candidates which gained enormous interest recently for energy storage 
devices,[92] especially for grid energy storage.[93] They offer high redox potential and superior 
charge storage performance compared to other carbonyls (Figure 10).  
 Quinones can further be divided into two categories namely small multi-electron redox 
quinone molecules, and quinone-containing polymers, where former is attractive due to their low 
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molecular weight and their capability to exchange multiple electrons per formula unit. Moreover, 
quinones play a substantial role in living systems to store energy, usually contain earth abundant 
elements (C, O, N, S), and are thus considered to be safe and eco-friendly. Each quinone moiety 
offers extremely rapid proton coupled electron exchange on low cost carbon electrodes.[93] If their 
conductivity and cycle life issues could be improved, they would offer a sustainable choice for 
commercial applications. One way to improve the conductivity and cyclability of quinone 
materials is to integrate them with conductive nanomaterials. Design of nanostructures with atomic 
precision can provide a solution to improving the performance of supercapacitor electrodes.[94]  
 
Figure 10: Comparison of theoretical capacities and discharge potential for major carbonyl-based organic compounds. 
Quinones offer high redox potential and highest theoretical capacities in this class of materials.[90,91] 
Quinones functionalized on conductive 2D graphene sheets may lead to high energy and 
power density pseudocapacitive electrodes. Moreover, functionalization of redox-active quinone 
materials on 2D graphene sheets may lead to a unique electrode architecture with required 
conductivity to the individual organic molecules, which will minimize the diffusion path lengths 
and may inhibit the aggregation of the graphene sheets and organic molecules, resulting in high 
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capacitance and long cycle life electrodes. Combination of quinones with carbons is safe, naturally 
abundant, relatively inexpensive and an environmentally benign option for energy storage 
applications, where former brings fast and reversible 2e-/2H+ redox reaction and later provides 
conductive support to hamper the degradation of quinones upon cycling.[95]  For instance, Bélanger 
and co-workers[89,96–98] and several others[99] have explored covalent grafting mostly by diazonium 
chemistry as a viable route to functionalize quinones on conductive carbons, showing improved 
electrochemical performance in supercapacitors. With a variety of quinone structures available, 
the challenge is to identify the ones showing the best performance in terms of adhesion to 
conductive carbon, redox capacitance and long-term stability.[100]   
(c) Conducting redox polymers 
 Recently, it is proposed by Abruna and co-workers[33,101,102] and several other groups[103,104] that 
it is possible to overcome the degradation and low capacity issues of the CP and dissolution of the 
redox-active molecules in electrolytes by synthesizing conductive redox polymers in which redox-
active molecules (e.g., quinones) can serve as redox-active substituent (RAS) on the conductive 
backbone of the CP. 
 
Figure 11: Mechanism of redox reactions in a PEDOT-TAPD film.[101] 
Figure 11 shows a representative polymer of this class reported by Abruna’s group.[101] For 
instance, PEDOT is capable to transfer only less than one electron per monomer, however, after 
incorporation of the N,N,N′,N′-tetramethyl-p-phenylenediamine (TAPD) as a RAS, this number 
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increases to 2.6 e- per monomer, resulting high energy density of the material. This new class of 
materials can preserve most of the intriguing characteristic of the organic electrode materials, 
while overcoming some major drawbacks: conductivity and solubility. Although, the conductivity 
and initial capacity of the material increases compared to their CP or pristine redox active molecule 
counterpart, the poor cycle ability still remains an issue for these organic hybrids, and the material 
can only survive for less than 100 cycles.[101]  
Another class of redox-active materials is metal-containing redox-active polymers. This 
class is not discussed in this thesis; therefore, reader is referred elsewhere. [105] 
1.7 Motivation and challenges facing redox-active organic materials 
 
Figure 12: Attractive features of organic materials for pseudocapacitive applications 
As the applications of energy storage systems are expanding from portable electronics to grid energy 
storage, it is desired to replace inorganic active materials with their organic counterparts. Recently, 
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organic electrodes have shown a comparable or even superior electrochemical performance compared 
to their inorganic counterparts in redox flow batteries,[93,106,107] lithium-ion batteries,[92] and 
supercapacitors.[32,108,109] Since many organic materials can exchange multiple electrons per formula 
unit, therefore, offer high theoretical capacitance.[110] Organic molecules offer low volume expansion 
during charge/discharge processes compared to inorganic host materials.[33] Redox-active organic 
materials offer many options to consider for electrochemical energy storage, while, this is not true for 
the inorganic materials, where choice is limited.[111] Not only diversity, the electrochemical properties 
of organic materials can be tuned using established organic chemistry principles. Organic materials are 
also mostly flexible and lightweight, therefore, offer tremendous potential in flexible and wearable 
technologies.[112] Their synthesis is mostly scalable and they are usually extracted or synthesized from 
the biomass. For example, hydroquinone—a parent molecule for many redox-active organics—can be 
synthesized from glucose.[113] Moreover, they are composed of carbon, hydrogen, nitrogen, and/or 
oxygen/sulfur, which ensure environmentally benign dispose of organic energy storage devices.[7] The 
key merits of organic materials are summarized in Figure 12. 
There are many challenges with redox-active organic materials which hamper their commercial 
use:[110,111,114,115] (1) The poor electronic conductivity of organic materials—except CP— is the key issue 
which impedes the full use of an active material. (2) While small organic molecules are attractive due 
to their low molecular weight, thus high capacitance, their degradation due to solubility is still a major 
issue. (3) The low density of many organic materials results low volumetric capacitance, a crucial 
parameter for space-sensitive applications.[116] Therefore, organic materials with high density would be 
attractive for the space-limited applications (e.g., rechargeable batteries, electric vehicles etc.). (4) Many 
organic materials are pseudocapacitive in aqueous electrolytes at high positive potentials, finding a 
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matching negative electrode in a similar electrolyte is also a major issue. These challenges must need to 
be solved to progress this field. 
1.8 Organic-inorganic hybrid materials   
It may be possible to solve the low conductivity, solubility, and poor cycle life issues of redox-active 
organic materials by combining them with conductive materials such as carbons, and 2D transition 
metal carbides (MXene). Development of organic-inorganic hybrid materials may also find applications 
beyond supercapacitors (Figure 13).  
 
Figure 13: Material choices for organic and inorganic components of redox-active hybrids and their potential 
applications. Our focus is on redox-active hybrids for pseudocapacitive energy storage.  
Theoretically, any organic material capable of showing potential-induced reversible redox can 
be utilized as an electrode material in electrochemical energy storage systems. This leads to quite many 
organic options which either exist or can be synthesized using established chemistry principles. 
Electrochemically, they offer potential to compete with their inorganic counterparts for energy 
storage applications.[86] A wide array of organic molecules can be used for pseudocapacitive 
applications.[33] For a long time, they have been overlooked for pseudocapacitive energy storage, 
partly because choice of a single molecule having best electrochemical properties out of nearly 
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unlimited organic options is a challenge. To narrow down the choices, it is important to set up 
some selection rules. Below, we describe few important guidelines which should be considered 
while selecting a new organic molecule for pseudocapacitive energy storage.    
1.8.1 Guidelines for selecting redox-active organic materials for 
pseudocapacitive applications  
(a) Kinetics of redox reactions  
Supercapacitors offer long cycle life. The target organic material needs to be stable for thousands of 
cycles. This is only possible if the redox reactions of an organic material offer rapid reaction kinetics 
and are highly reversible. Any organic molecule with sluggish reaction kinetics will show poor rate and 
cycling performance, therefore, should not be considered for the pseudocapacitive applications. For 
example, organodisulfide show slow reaction kinetics because the S–S bond breaking-forming energy 
is significantly high, however, quinones show fast reaction kinetics.[111]  
(b) Electrochemical activity in multiple electrolytes  
Many organic materials only become redox active in a specific electrolyte. For example, CP show 
most capacitance in protic electrolyte, however, their redox stays silent in most of organic 
electrolytes or ionic liquids or voltage window shrinks to 1V for non-aqueous electrolytes.[117] 
Quinones show proton-coupled electron exchange, therefore, require protic electrolytes for 
maximum performance.[118] Ideal pseudocapacitive materials are those which show redox activity 
in both aqueous and non-aqueous electrolytes. Radical-based organic materials could be a good 
example which are redox-active in both aqueous and non-aqueous electrolytes.[119]  
(c) Theoretical capacitance 
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High theoretical capacitance is critical for selecting an organic molecule for pseudocapacitive 
applications. The following expression may guide to select a target organic molecule[86]: 
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑛𝑎𝑐𝑒 (𝐶) =  
𝑛 × 𝐹
𝑀 × 𝑉
 
where n is number of electrons transferred during redox reaction, F is the Faraday constant, M 
is molar mass of the target organic molecule, and V is the operating voltage window. To select 
an organic molecule, two factors are critical to consider: n and M. Theoretically, higher the 
number of electron exchange, n, in a given molecule, the higher will be its pseudocapacitance. 
The other factor is the molecular weight, M, of an organic molecule which is inversely 
proportional to the capacitance. This explains that low molecular weight organic molecules are 
desired to gain high pseudocapacitance. For majority of the redox active organics, n is usually 
known. Therefore, pseudocapacitance of an organic molecule can be enhanced by minimizing 
the unnecessary groups on redox-active molecules.[111]  
(d) Solubility of organic materials 
Many redox-active organic materials are soluble in non-aqueous electrolytes, resulting in 
capacitance fade upon moderate cycling.[85,86,115] However, they are stable in aqueous electrolytes, 
therefore, can be used in aqueous supercapacitors if properly engineered on a conductive support. 
When selecting an organic material, it is important to test its solubility first which will decide 
whether material should be used in aqueous or non-aqueous supercapacitors. If a material is 
partially soluble in both aqueous and non-aqueous electrolytes, confining it within pre-optimized 
porous carbons or between sheet-like materials may be helpful.     
(e) Ease of functionalization  
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The pseudocapacitance, redox potential, solubility, and stability of an organic material can be 
tuned by altering the surface chemistry of target redox molecules.[120] Chemically, a 
pseudocapacitive material should offer facile covalent or non-covalent functionalization options 
to achieve better electrochemical performance. Highly conjugated molecules are attractive because 
they often lead to π- π stacking interactions with carbons, therefore, hampering the degradation 
issue of organic molecules.[121]  
(f) Cost and scalability  
Target organic molecule should be affordable and scalable. Research in organic pseudocapacitive 
materials is at early stage, and many organic materials are commercially available for the 
investigation, which are also easier to scale up. Computational driven synthesis of most promising 
organic candidates should be considered.  
(g) Role of protecting groups and radical formation  
Majority of organic materials generate radical anions during redox reactions, which are chemically 
reactive.[122] During an electrochemical operation, there are many possible ways by which these radicals 
can react and degrade. For instance, reaction with solvent, formation of dimers, disproportionation 
reactions are just few possible chemical routes of degradation. These parasitic reactions lead to 
degradation of an active organic material, resulting in capacitance loss during cycling. Therefore, those 
pseudocapacitive materials need to be found which have stable radical anions.[123,124] This can be done 
with the help of computational methods. Generally, small molecules which have protecting end-
groups—other than their redox-active sites—offer better stability during redox exposure.[123,124]     
1.8.2 Guidelines for selecting a conductive (inorganic) substrate 
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Figure 14: Variety of conducting substrates and their important characteristics. 
Different conductive substrates can be useful for different redox-active organic materials. Having nearly 
unlimited organic options and several options for conductive supports results quite many possible 
combinations, therefore, it is difficult to establish definitive rules. There is no universal conductive 
substrate which could electrochemically/chemically fit with all organic materials. In Figure 14, we have 
summarized useful characteristics for different conductive substrates. Depending on the type of an 
organic material, suitable conductive support can be selected. A good conductive support should have 
high accessible SSA, high electronic conductivity, large intrinsic capacitance, low cost, and should be 
compatible with organic materials.  
1.9 Objectives 
The primary goal of this thesis is to develop high energy and power density aqueous 
pseudocapacitors based on redox-active hybrid materials (organic/inorganic) capable of 
storing/exchanging less than single to multiple electrons per formula unit. The promising redox-
active materials will be engineered with different conductive carbons and metal carbides (MXene) 
to manufacture organic-inorganic hybrid materials. The resulting optimized hybrids will be 
integrated into different supercapacitor configurations to show the high charge storage capability 
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with outstanding cycling performance of affordable and sustainable redox-active hybrids. Since 
many organic material store charges at high positive potentials in aqueous electrolytes, finding a 
matching negative electrode is a challenge, which we will try to solve. If found, promising positive 
electrodes will be combined with found negative electrode to expand the voltage window, 
therefore energy density, in aqueous asymmetric supercapacitor configurations. Interaction and 
charge transfer mechanisms, molecular orientations, and pseudocapacitive charge storage 
mechanisms will be investigated of model hybrid systems by experimental techniques in 
combination with molecular simulations.       
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Chapter 2: Materials and methods 
2.1 Synthesis of conductive substrates 
(a) Synthesis of activated tire-carbon (TC)1 
Briefly, an experimental crumb tire rubber of irregular shapes (0.3-1 cm size) was used to derive 
carbon by soaking in concentrated sulfuric acid bath and later washing. The washed sulfonated tire 
rubber was then pyrolyzed in a tubular furnace under a flowing nitrogen gas atmosphere. The 
temperature of the furnace was ramped up in two stages, from room temperature to 400 C at 1 
C/min then from 400 C to 1100 C at 2 C/min followed by cooling to room temperature. The 
pyrolyzed residue yields up to 50% carbon by weight.[125] To increase the SSA, as-produced carbon 
was mixed with potassium hydroxide, KOH pellets (Sigma-Aldrich) at a 1:4 weight ratio, 
respectively, using a mortar and pestle followed by heating at 800 °C for 1 h at 10 °C/min under 
nitrogen flow. The activated TC was then washed with 10 wt.% HCl in deionized (DI) water to 
remove the remaining salts and ashes, followed by thorough washing with the DI water until the 
pH of the supernatant became neutral.[126,127] TC was then oven-dried in air atmosphere at 100 °C 
for 24 h.  
(b) Synthesis of graphene oxide and its reduction 
For all cases, graphene oxide (GO) was synthesized by modified Hummers method.[128] The 
reduction of graphene oxide (rGO) was performed by hydrothermal and chemical reduction routes. 
In case of former, GO suspensions were heated at 180 °C to produce rGO sheets. Chemical 
reduction of GO was done using hydrazine monohydrate like previous reports.[129] 
                                                            
1 Tire-carbon samples were provided by Dr. M Parans Paranthaman (ORNL) 
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(c) Synthesis of 2D titanium carbide (MXene) 
Synthesis of the Ti3AlC2 phase was described previously.[73] The Ti3C2Tx colloidal suspensions 
were synthesized as described below:[73,130] Briefly, 1 g lithium fluoride (Fischer Scientific) was 
slowly added to 20 mL 9 M hydrochloric acid solution followed by addition of 1 g of Ti3AlC2 
powder. The reaction was allowed to occur under stirring for 24 h at 35 °C. The product was then 
washed with DI water until a pH value of ~6 was reached. The delamination of the etched powder 
was achieved by 1 h bath sonication followed by 1 h centrifugation at 3500 rpm. The supernatant 
was decanted for further processing. 
2.2 Synthesis of hybrid materials and electrode preparation 
(a) Synthesis of polyaniline (PANI) coated TC and electrode preparation 
A rapid mixing polymerization route was utilized to synthesize PANI/TC hybrids because it 
hampers the secondary growth of the PANI by diffusing away the polymerized carbon and 
provides more active sites for uniform polymerization.[131] Aniline (>99.5%; Sigma-Aldrich) was 
polymerized at room temperature using ammonium peroxydisulfate (APS) (>98%; Fischer 
Scientific) as an oxidizing agent, with and without the presence of TC.[131] Various compositions 
of the PANI and TC were tested to determine a composition with the optimal electrochemical 
performance. Typically, 60 µl of aniline was dissolved in 10 ml of 1 M HCl solution and 60 mg 
of APS was dissolved in the same amount of HCl. 60 mg of TC was sonicated in 1 M HCl for 30 
minutes prior to start of the synthesis followed by the rapid addition of aniline and APS solutions 
to the TC suspension. The whole mixture was vigorously stirred during the synthesis to ensure 
good mixing of both solutions before the start of polymerization. The change of the solution color 
from black to green (emeraldine salt) confirmed the start of the polymerization process.[131] The 
reaction was carried out overnight and the resulting product was washed with ethanol/water and 
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filtered until the solution reached a neutral pH value. Similar protocol was adopted to synthesize 
PANI without TC. The conductivity of the hybrid paper was found to be ~50 S/m. The as-
synthesized PANI/TC hybrid paper was highly flexible and can be used directly in flexible energy 
storage devices. The whole process is scalable for the synthesis of PANI/TC hybrids for portable 
energy storage devices to large scale energy storage systems (e.g., flowable electrodes for grid 
energy storage).[118,132] 
Film electrodes were prepared by mixing 90 wt.% active material with 5 wt.% carbon black 
(100% compressed; Alfa Aesar, USA) and 5 wt.% polytetrafluoroethylene (PTFE) binder (Sigma-
Aldrich) in ethanol. After evaporation of ethanol, the powder was rolled using a roller mill to 
prepare ~100 µm thick films. The AC (YP-50, Kuraray, Japan) electrodes having a thickness 
between 100-150 µm were prepared by mixing 95 wt.% AC and 5 wt.% PTFE binder. All 
electrochemical tests were performed in a three-electrode Swagelok® cell. TC or PANI/TC 
hybrids were used as the working electrode, over-capacitve activated carbon films were used as 
the counter electrode, and Ag/AgCl was used as the reference electrode. A Celgard membrane 
served as a separator and 1 M H2SO4 as the electrolyte.  
(b) Synthesis of polyaniline, polypyrrole, poly(3,4-ethylenedioxythiophene) 
coated rGO hybrids and electrode preparation 
To deposit PANI on rGO, 100 mg of rGO sheets where sonicated in 1 M HCl for 30 minutes, 
followed by addition of 100 µl of aniline, also dissolved in 1 M HCl. This mixture was stirred for 
1 h followed by addition of 100 mg of APS (>98%; Fischer Scientific). The solution color was 
changed from black to green (emeraldine salt), confirming, the start of the polymerization. The 
solution was filtered and washed with dilute HCl, followed by multiple washes with DI water. The 
powder was dried at 70 °C.  In case of polypyrrole deposition on rGO,[133] in a 100 mg of rGO 
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suspension in 1 M HCl, 250 µl of pyrrole monomer was added. The solution was stirred for 30 
minutes to ensure the coverage of rGO sheets with pyrrole monomer. Then 1.2 g of iron chloride 
was added to start the oxidative polymerization. The reaction mixture was stirred overnight which 
yielded polypyrrole coated rGO sheets. Washing and drying was performed like PANI@rGO case. 
Since 3,4-ethylenedioxythiophene (EDOT) offers low solubility in aqueous media, its 
polymerization was performed in acetonitrile.[133] Typically, 50 mg rGO was dissolved in 
acetonitrile solution. After 30-minute sonication, 138 mg of EDOT dissolved in acetonitrile was 
added followed by addition of 0.55 g of iron chloride, also dissolved in acetonitrile. The solution 
turned to navy blue after polymerization, confirming PEDOT polymerization on rGO. The 
resultant hybrid was washed with acetonitrile and dried at 50 °C for 24 h.  
 Free-standing film electrodes were prepared by directly rolling the conducting polymer 
hybrid using Durston rolling mill (UK). The electrode thickness was ~40 µm. The electrodes were 
dried at 70 °C up to 24 hours before testing their electrochemical performance. Over-capacitive 
AC electrodes were produced like described earlier. The electrolyte was 3 M H2SO4. All 
electrochemical tests were performed in a three-electrode plastic Swagelok® cell. Conducting 
polymer@rGO hybrids were used as the working electrode, over-capacitve AC films were used as 
the counter electrode, and Ag/AgCl was used as the reference electrode. For these tests, glassy 
carbon electrodes were used as current collectors.  
(c) Synthesis of phenothiazine/rGO hybrids and electrode preparation  
We used hydrothermal method to deposit phenothiazine (Sigma Aldrich) on rGO sheets. Different 
weight percentages of phenothiazine to GO were mixed, sonicated, and hydrothermally heated at 
180 °C up to 16 h, which yielded gel-type material, resulting phenothiazine (phen) deposited 
reduced graphene oxide (phen@rGO) xerogels upon room temperature drying. These gels were 
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rolled using Durston rolling mill (UK) to prepare ~33 µm binder-free electrodes for 
electrochemical characterizations. Glassy carbon electrodes were used as current collectors and 
electrolyte was 3 M H2SO4. All electrochemical tests were performed in a three-electrode plastic 
Swagelok® cell. Phen@rGO hybrids or prisitne rGO films were used as the working electrode, 
over-capacitve AC films were used as the counter electrode, and Ag/AgCl was used as the 
reference electrode.  
(d) Preparation of radical organic material based electrolytes 
To modify the supporting electrolyte using a redox-mediating agent and to explore the optimal 
conditions for pseudocapacitive applications, different solutions with various 2,2,6,6-tetramethyl-
1-piperidinyloxy (TEMPO) contents were made in 1M H2SO4. Each solution was sonicated for 20 
minutes to dissolve the TEMPO completely. Here rGO film served as the working electrode, over-
capacitive AC as counter electrode, Ag/AgCl as reference electrode, and platinum as the current 
collector.  
(e) Synthesis of 2,5-dimethoxy-1,4-benzoquinone (DMQ) coated rGO hybrids 
and electrode preparation 
Single step noncovalent functionalization of the DMQ was performed using hydrothermal method. 
To synthesize DMQ@rGO (1:1) hybrid, a mixture of equal weights of as-received DMQ (Sigma-
Aldrich) and GO suspension (1-2 mg/ml) were sonicated for up to 30 minutes, then transferred to 
a Teflon-lined autoclave and heated for 16 hours at 160 °C. The autoclave was cooled to obtain 
DMQ@rGO hydrogel, which was dried at room temperature to get xerogel. For comparison, gel 
electrodes composed of hydroquinone integrated on rGO sheets (HQ@rGO) were also synthesized 
using the same experimental conditions. A series of DMQ@rGO and HQ@rGO gels were 
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prepared by varying the weight percentages of DMQ or HQ to GO and were labeled according to 
their initial weight ratios. For example, DMQ@rGO (1:1) represents the sample which has equal 
starting weight ratios of DMQ and GO before the hydrothermal reaction. In order to make binder-
free DMQ@rGO electrodes, the xerogel was cut into slices and rolled using a Durston rolling mill 
(UK) to obtain a ~50 µm thick film giving mass loading of ~3 mg/cm2. The density of the rolled 
film was 1.2 g/cm3. The electrochemical set-up was same as for 2.1a. 
(f) Synthesis of 2,5-dihydroxy-1,4-benzoquinone (DBQ) coated rGO hybrids 
2,5-dihydroxy-1,4-benzoquinone (DBQ) (98%, density = 1.843 g/cm3, Sigma Aldrich) was sonicated 
with GO suspension (2 mg/ml) for 30 minutes prior to hydrothermal reaction. The autoclaves were 
heated for 16 h at 180 °C and then cooled to get DBQ@rGO hydrogels which, upon drying at room 
temperature, yielded xerogels. A series of hybrids were synthesized by varying the initial amount of the 
DBQ and GO. For instance, DBQ@rGO (1:1) shows the hybrid which has the same initial weight 
percentage of the DBQ and GO prior to the hydrothermal treatment. To prepare binder-free films, the 
DBQ@rGO hybrid gels were rolled using a Durston rolling mill (UK) to a thickness of ~20 µm (mass 
loading = 3.22 mg/cm2 and density = 1.61 g/cm3). The electrochemical set-up was same as described in 
2.1b.  
(g) Synthesis of quinone functionalized viologen derivatives2 and their coating 
on rGO sheets and MXene 
Two solutions composed respectively of pyridine molecule and quinone including halogen atom were 
prepared separately. Should be fully soluble, if not add more solvent (diethyl ether). To start reaction, 
mix solution together in a flask and stir for few hours. At start, a clear colored solution should be 
                                                            
2 Synthesis help was provided by Dr. Matthieu Bécuwe (Université de Picardie Jules Verne, Amiens) 
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obtained which turn to turbid until a precipitate appears. The solid is recovered by centrifugation, wash 
3 times with fresh diethyl ether until no color is detected in the supernatant. Powder is then dried before 
any characterization and further use. The following amounts were used during synthesis based on the 
following reaction scheme. 
 
C1: 1g of SI and 0.66 g of S2 (at least 30 ml of solvent) 
C2: 1g of S3 and 1.07g of S2 (at least 30 ml of solvent) 
C3:1g of S4 and 2.01g of S1 (at least 30 ml of solvent) 
C4:  1g of S4 and 1.13 g of S3 
 To prepare their hybrids, different weights ratios of rGO or Ti3C2Tx were mixed with target 
derivative followed by stirring overnight. Solutions were washed with DI water and dried at 70 °C 
before further processing. For rGO case, electrodes were prepared by mixing 90 wt% active material 
with 10 wt% PTFE in ethanol. The solution was stirred overnight to evaporate ethanol and recovered 
powder was rolled into films. For MXene-based hybrids, free-standing films were used as electrodes. 
The electrochemical set-up was same as described in 2.1b.  
(h) Synthesis of MXene-polypyrrole hybrids and electrode preparation 
To make Ti3C2Tx paper, Ti3C2Tx dispersion was filtered using a Celgard membrane and dried under 
vacuum. The concentration of the Ti3C2Tx flakes in the suspension was measured by filtering a known 
volume of the Ti3C2Tx suspension and then measuring the weight of the vacuum dried film. Based on 
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the concentration of the Ti3C2Tx in the suspension, as-received pyrrole (Sigma-Aldrich, 98%) was 
stirred with Ti3C2Tx at room temperature for 12 h at 1000 rpm. Two mass to volume ratios of Ti3C2Tx 
and pyrrole compositions 1:1 and 2:1 were synthesized by changing the Ti3C2Tx content in the 
PPy/Ti3C2Tx hybrid. Vigorous stirring was carried out to avoid agglomeration of the pyrrole monomer. 
After stirring, the resulting black thick solution was vacuum filtered to obtain the hybrid film. A three-
electrode setup was used to perform electrochemical testing. The as-filtered PPy/Ti3C2Tx film with 
the thickness of ~13 μm and areal mass loading of 0.93 mg/cm2 was directly used as the working 
electrode. Over-capacitive activated carbon (YP-50, Kuraray, Japan) was used as a counter 
electrode and Ag/AgCl served as a reference electrode. The electrolyte was 1 M H2SO4.  
(i) Synthesis of MXene- poly(3,4-ethylenedioxythiophene) hybrids 
The Ti3C2Tx/PEDOT hybrids were synthesized as follows: 10 mg of EDOT was dissolved into 20 
ml of DI water by stirring for 30 minutes at 40 °C in an oil bath. The EDOT solution was then 
added into 10 ml of Ti3C2Tx solution (2.0 mg/ml) dropwise, and stirred for 24 h at room 
temperature. After that, the solution was vacuum filtered and washed with DI water to get the 
freestanding films. Pure PEDOT was synthesized via conventional method with an oxidant of 
FeCl3, and used as a control sample.[134] All the samples were vacuum dried at 70 °C overnight. 
(j) Synthesis of MXene-polyflourone derivatives3 hybrids and electrode 
preparation 
The Ti3C2Tx colloidal suspensions were synthesized as described above. All the polymers were 
synthesized and characterized similar to previous reports.[135,136] Briefly, for P1: A mixture of 2,7-
dibromo-9,9′-dioctylfluorene (165 mg, 0.3 mmol), 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-
                                                            
3 Polyflourone derivatives were synthesized by Dr. William Porzio (ISMAC-CNR) 
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propanediol) ester (168 mg, 0.3 mmol), Pd(PPh3)4 (7 mg, 0.006 mmol), degassed aqueous 
potassium carbonate (2 M, 2.5 mL), and toluene (5 mL) was introduced in a Schenk tube under 
nitrogen atmosphere. The reaction mixture was stirred for 8 h at 80 °C. Then the end groups were 
capped by stirring the mixture at 80 °C for 8 h in excess of bromobenzene (0.4 mmol) and for 
further 8 h in excess of phenylboronic acid pinacol ester (0.4 mmol). After cooling to room 
temperature, the organic phase was precipitated in 200 mL of methanol to afford the product as 
white-yellow powder with a yield of 75%. For P2: A mixture of 2,7-dibromo-9,9′-bis(3″-(N,N-
dimethylamino)propyl)fluorene (150 mg, 0.3 mmol), 9,9-dioctylfluorene-2,7-diboronic acid 
bis(1,3-propanediol) ester (168 mg, 0.3 mmol), PdCl2(PPh3)2 (2 mg, 0.003 mmol), degassed 
aqueous potassium carbonate (2 M, 6 mL), and THF (12 mL) was introduced in a Schenk tube 
under nitrogen atmosphere. The reaction mixture was stirred for 1 h at 70 °C. Then the end groups 
were capped by stirring the mixture at 70 °C for 2 h in excess of bromobenzene (0.4 mmol) and 
for further 2 h in excess of phenylboronic acid pinacol ester (0.4 mmol). After cooling to room 
temperature, the organic phase was precipitated in 200 mL of methanol to afford the product as 
green-yellow powder with a yield of 60%. For P3: A mixture of 2,7-dibromo-9,9′-bis(6″-
bromohexyl)fluorene (100 mg, 0.16 mmol), 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-
propanediol) ester (899 mg, 0.16 mmol), PdCl2(PPh3)2 (1 mg, 0.0015 mmol), degassed aqueous 
potassium carbonate (2 M, 1.5 mL), and THF (3 mL) was introduced in a Schenk tube under 
nitrogen atmosphere. The reaction mixture was stirred for 4 h at 70 °C. The end groups were 
capped by additional 4 h reaction in excess of bromobenzene (0.16 mmol) and further 4 h in excess 
of phenylboronic acid pinacol ester (0.16 mmol). After cooling to room temperature, the organic 
phase was precipitated in 150 mL of methanol to afford the neutral precursor polymer with a yield 
of 81%. Trimethylamine ionization of the neutral precursor obtained the cationic polymer. Twelve 
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milliliters of a 1:2 v/v solution of condensed trimethylamine in THF were added dropwise to a 
stirring solution of the neutral precursor polymer (100 mg) in 10 mL of THF at −78 °C. The 
mixture was then allowed to warm up to room temperature and then stirred overnight. After the 
solvent was removed, the salified polymer was recovered as a white powder in quantitative yield. 
The weight average molecular weight (Mw) and its distribution (Mw/Mn) were, respectively, 63 
kDa and 2.76 for P1 and 99 kDa and 2.81 for P3. To prepare hybrid films, P1 and P2 were dissolved 
in 10 mL chloroform while P3 was dissolved in the same volume of DMSO. The vacuum filtered 
Ti3C2Tx films were dispersed in 10 mL DMSO to make a colloidal solution in three different 50 
mL vials. After 20 minutes of sonication, each polymer solution was poured into separate Ti3C2Tx 
vials and named according to the polymer added. The mass ratios between polymers and Ti3C2Tx 
MXene flakes were controlled as 1: 2. All solutions were stirred up to 24 h before solutions were 
vacuum filtered.[137] The films were dried under vacuum up to 48 h, and then weighed to determine 
the polymer content in the hybrid films using an electronic balance. These films were further used 
as electrode materials.   
(k) Synthesis of MXene-organic hybrids and electrode preparation 
The hybrids of 1,4-benzenediol (HQ), 1,4-benzenedithiol (Th), 1,4-phenylenediamine 
(PPD), and N, N, N′, N′-tetramethyl-p-phenylenediamine (TMPD) with Ti3C2TX MXene were 
prepared by mixing 1:2.4 MXene to organic weight ratios. After overnight stirring, the solutions 
were filtered, washed with DI water and dried under vacuum. In case of 1,4-benzenedithiol, the 
procedure was same except the solvent was DMSO.  
(l) Synthesis of MXene-aminoquinone hybrids 
1-aminoanthraquinone (AQ) was mixed with Ti3C2TX MXene in 1:2 AQ to MXene weight ratios 
in DMSO solution. The solutions were filtered, washed with DMSO, and dried for further 
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characterizations. AQ was also coupled using diazonium chemistry as reported earlier.[138]  
2.3 Material characterizations  
The morphology of the hybrids was investigated using a scanning electron microscope (SEM) 
(Zeiss Supra 50VP, Germany) and a transmission electron microscopy (TEM) (JEOL JEM-2100, 
Japan) with an accelerating voltage of 200 kV. The cross-sectional TEM analyses on hybrid films 
were performed by first embedding films into epoxy resin, and then cutting them by a glass 
microtome followed by deposition on a lacey carbon coated copper grid. For hybrid powders, 
ethanol was used to disperse material before dropping 1-2 drops on a lacey carbon coated copper 
grid for the imaging. Gas sorption measurements were performed on Quadrasorb instrument 
(Quantachrome, USA) using nitrogen at -196 ˚C. Brunauer–Emmett–Teller (BET) method was 
used to determine SSA of all the investigated samples, using the adsorption data taken at relative 
pressure (P/Po) range of 0.05-0.2. Quenched-solid density functional theory (QSDFT) was used to 
derive pore size distributions (PSD) by considering the slit-shaped pore geometry, while total pore 
volumes were calculated at P/ Po=0.99. An attenuated total reflectance Fourier transform infrared 
spectrometer (ATR-FTIR) with a resolution of 4 cm-1 was used to collect all the FTIR spectra. 
Renishaw inVia spectrometer (632 nm) was used to record all the Raman spectra (5-10% laser 
power). The X-ray photoelectron spectroscopy (XPS) analysis was performed on a Physical 
Electronics Versa Probe 5000 (ULVAC-PHI, Inc., Japan) spectrometer using Al-Kα 
monochromatic X-rays of 100 μm.  
The X-ray diffraction (XRD) patterns were recorded on a Rigaku Smart Lab (Tokyo, 
Japan) diffractometer using Cu Kα radiation (step scan = 0.02°, 2Ɵ range= 3°– 80°, and step time 
= 0.5s). Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements were 
performed at the XRD beamline 5.2 at the Synchrotron Radiation Facility Elettra in Trieste (Italy). 
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The X-ray beam emitted by the wiggler source on the Elettra 2 GeV electron storage ring was 
monochromatized by a Si(111) double crystal monochromator, focused on the sample and 
collimated by a double set of slits giving a spot size of 0.2 x 0.2 mm ( = 0.14 nm). The samples 
were oriented by means of a four-circle diffractometer with a motorized goniometric head. The X-
ray beam direction was fixed, while the sample holder could be rotated about the different 
diffractometer axes, in order to reach the sample surface alignment in the horizontal plane 
containing the X-ray beam, in view of film darkness no laser centering was carried out. 
Nonetheless the usual variation of incidence angle taking the diffraction image was applied. 
Bidimensional diffraction patterns were recorded with a 2M Pilatus silicon pixel X-ray detector 
(DECTRIS Ltd., Baden, Switzerland) positioned perpendicular to the incident beam, at a variable 
distance, 180 up to 200 mm distance from the sample, to record the diffraction patterns in reflection 
mode. Sample and detector were kept fixed during the measurements. The q- resolution of 2D 
images collected was estimated by means of Lanthanum hexaboride powders (standard reference 
material 660a of NIST) and it has been evaluated ranging from 0.27 to 0.38 nm-1 in agreement 
with other synchrotron measurements. TGA was performed using thermogravimetric analysis 
(TGA) analyzer (TA instruments) under inert (Argon) atmosphere. Samples were first held to 150 
°C for 1 h to evaporate adsorbed vapors or water molecules and then heated to 800 C at 5-10 
°C/min.  
2.4 Electrochemical characterizations  
The electrochemical performance of the as-produced materials was tested using cyclic voltammetry 
(CV), galvanostatic charging/discharging potential limitation (GCD), and electrochemical impedance 
spectroscopy (EIS) on a VMP3 potentiostat (Biologic, France). Three-electrode electrochemical 
measurements were conducted using plastic/steel Swagelok cells in which active material served 
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as a working electrode, activated carbon as a counter electrode and Ag/AgCl as a reference electrode.  
Glassy carbon or platnium current collectors were used on both sides in 1-3 M H2SO4 electrolyte. 
Capacitance values were calculated by integrating the discharge part of the CVs using the 
following formula:  
𝐶𝑠 = ∫ 𝐼. 𝑑𝑉/ 𝜗𝑚𝑉 
Where Cs is the specific capacitance (F/g), I is the current response, ϑ is the scan rate (mV/s), m is 
the mass (g), and V is applied potential (V). The volumetric capacitance was calculated using the 
following formula[73]: 
𝐶𝑣  =  𝜌 ×  𝐶𝑠   
Where Cv is the volumetric capacitance, ρ is the density of the electrode and Cs is the specific 
capacitance of the electrodes. To construct the asymmetric supercapacitors, the masses of the 
positive and negative (Ti3C2Tx) electrodes were balanced using the following formula[139]:  
𝑚+
𝑚−
=  
𝐶−  ×  ∆𝐸−
𝐶+  ×  ∆𝐸+
 
Where m, C, ΔE with positive and negative signs are the mass, capacitance measured in a three-
electrode set-up, and applied potential range of the positive and negative electrodes.  
2.5 Computational methods 
For DMQ and DBQ@graphene 
First-principle calculations were conducted by VASP code, based on density functional theory 
(DFT).[140–142] The exchange–correlation energy was computed by Perdew–Burke–Ernzerhof 
functional based on general gradient approximation.[143] The impact of the van der Waals 
interactions was estimated, implemented in the optimized optB86b vdW functional.[144,145] In our 
calculations, a plane wave cutoff of 400 eV was used. In order to relax the structures, the forces 
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on all the atoms were relaxed until a 0.03 eV Å−1 force tolerance was reached. The Brillouin zone 
was sampled using a 2 × 2 × 1 Monkhorst mesh in structure relaxation, a 4 × 4 × 1 Monkhorst mesh in 
energy computations and a 9 × 9 × 1 Monkhorst mesh in density of states computations.[146] In order to 
calculate the binding energies, DBQ/DMQ on graphene (7 × 7 × 1 periodic supercell) in different 
possible orientations named parallel (pI, stacked site and pII, hollow site) and vertical (vI-vVIII) were 
considered. We set the translation vector along the z direction as 25 Å with enough vacuum to ensure 
that no interaction occurred between the adjacent molecules. The VESTA software was used for the 
structure drawing and charge density visualization.[147]  
For MXene-Organic samples 
It has been demonstrated previously that the major surface groups (~84.6%) are O groups for LiF-
HCl synthesized Ti3C2Tx.[148] Therefore, the DFT discussions focus on Ti3C2O2 structure. The 
4 × 4 supercells of Ti3C2O2 were chosen as absorbents for EDOT and other organics. The c axis 
was set as 30 Å to ensure enough vacuum to avoid interactions between two periods. The plane 
wave cutoff energy was 580 eV and the k-point meshes of 2 × 2 × 1 and 3 ×3 × 1 in the Monkhorst 
Pack sampling scheme[146] were used for geometry optimization and electronic self-consistent 
computation. To reduce the computational task, we fixed the bottom one oxygen layer, two 
titanium layers and one carbon layer. The charge density visualization was generated using 
VESTA.[147] Spin polarization was considered in all calculations.  
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Chapter 3: Results and discussion  
3.1 Conducting polymer-based hybrids 
3.1.1 Activated tire-derived carbon and its hybrids with polyaniline4 
The activated carbon (AC) used as an active electrode material as well as a conductive porous 
substrate to deposit redox conducting polymers (CP) was produced from waste tires, which still is 
one of largest solid waste in the world.[56] Owing to their cross-linked structure and presence of 
various additives, waste tires do not decompose easily and resist degradation in most of the 
chemically and physically harsh conditions.[149] As a result, they are disposed of and accumulate 
in landfills, which is an unsustainable solution. The best solution economically and ecologically 
would be to recycle waste tires and use them as a raw material for value-added products. A typical 
tire has natural rubber and polybutadiene, styrene butadiene rubber, butyl rubber and fractional 
amounts of organic and inorganic fillers/additives. Carbon black is the major constituent of the tire 
(~ 30-35% by weight), which provides an avenue to recover this carbon for energy related 
applications.[149,150]  
A major limitation of AC materials is their poor energy density. To enhance the energy 
density, various approaches have been explored such as use of the pseudocapacitive materials (e.g., 
metal oxides or organic redox polymers) on conductive substrates, use of asymmetric 
configuration with expanded voltage windows, to name a few.[151]  CP, such as polyaniline (PANI), 
are promising due to their high redox capacitance, environmental friendliness, and relatively low-
cost.[152] However, their large volume expansion and shrinkage during the doping/dedoping 
                                                            
4 Parts of this chapter have been published in Boota, M., et. al, ChemSusChem 8, 835–843 (2015). 
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process leads to structural breakdown, resulting in limited lifetime. Most CP-based electrodes lose 
more than 50% of their capacitance after 1000 cycles.[152] One way to improve their lifetime is to 
create hybrid materials based on porous conducting substrates such as carbon. Herein, we show a 
large-scale synthesis of microporous carbon derived from the waste tires using sulfonation and 
pyrolysis followed by chemical activation, which was then used to prepare supercapacitor 
electrodes (Figure 15). Highly flexible and conducting PANI/TC hybrids based on this carbon 
demonstrated high capacitance and a good capacitance retention after 10,000 cycles.  
 
Figure 15: Schematic flow-chart of the preparation of activated tire-derived carbon using waste tires as a precursor, 
chemical activation to develop porosity and formation of the PANI/TC hybrid film for electrode applications. 
3.1.2 Morphological, porosity and surface chemistry analysis of TC and 
PANI/TC hybrids   
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The morphology of the tire-derived activated carbon (TC) and PANI/TC hybrids was investigated 
with transmission electron microscopy (TEM). TC showed a three-dimensional (3D), 
interconnected and random morphology (Figure 16a). The selected area electron diffraction 
confirmed that amorphous phase dominates in the TC (inset, Figure 16a). Figure 16b demonstrates 
the coverage of the TC with PANI after polymerization. The tire-derived carbon is well mixed 
with PANI having a thickness of few nanometers. The good contact between TC and PANI may 
minimize resistance and the diffusion path length within the PANI/TC network, which may be 
favorable for the charge storage capacity of the electrodes. 
 
Figure 16: Transmission electron microscopy (TEM) images of (a) activated tire-derived carbon. Inset, shows a 
selected area diffraction pattern of amorphous carbon. (b) PANI/TC hybrid with PANI coated on the activated tire-
derived carbon (black arrows show deposited PANI).   
The N2 sorption experiments (Figure 17a) confirmed micropores are predominant in TC. 
By  BET (Brunauer, Emmett and Teller) method, the measured specific surface area (SSA) was 
found to be 190 m2/g for the as-prepared tire-carbon and increased to 1625 m2/g after chemical 
activation with KOH (Figure 17a, inset); higher than several waste-derived carbons and 
comparable with commonly used commercial AC, such as coconut shell derived YP-50.[55,59]  After 
activation at 800 °C, the pore volume increased from 0.14 to 0.92 cc/g with the pore diameter 
being mainly <2 nm, although a small fraction of the porosity also originates from the mesopores 
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(3.4 nm). Large pore volume and meso-microporosity are generally required characteristics for 
charge storage to ensure accessibility of the pores to electrolyte ions.[58,153] 
 
Figure 17: (a) Pore size distribution (PSD) analysis of as-produced tire-carbon and after its chemical activation with 
KOH. Inset shows the corresponding specific surface area (SSA). (b) FTIR spectra of activated tire-carbon and after 
polyaniline (PANI) deposition showing PANI bands. (c) Raman spectra showing D and G bands of the activated tire-
derived carbon and various other bands corresponding PANI in the PANI/TC spectrum. 
The Fourier transform infrared (FTIR) bands (Figure 17b) for PANI were seen at 1105, 
1239, 1296, 1480, 1560, which are assigned to the vibrational band of nitrogen quinine, N-H 
stretching in connecting benzene ring-quinoid ring, C-N stretching band of an aromatic amine, 
benzene ring deformation and quinoid ring stretching, respectively. The peak at 1105 cm-1 
confirmed that PANI is in the conducting form within hybrid.[154] In addition, common FTIR bands 
appearing both in TC and PANI/TC spectra at 2116, 2339 and 2661 are assigned to symmetric 
stretching bands of CO, ambient CO2 and OH stretching of the carboxylic groups.[155]  
Raman spectra (Figure 17c) of the TC showed D band at 1320 cm-1 and G band at 1590 
cm-1.[126] The higher intensity of the D band compared to the G band indicates a disordered carbon, 
typical for the AC.[52] PANI/TC hybrid exhibited characteristic bands for both TC and PANI. 
Raman bands observed at 780, 838, 1161, 1218, 1417, 1470 and 1580 cm-1 are assigned to the ring 
deformation of the quinoid ring, deformative vibrations of the amine group of PANI, quinoid ring 
vibration, stretching of C-N, stretching of the C=C in quinoid ring, stretching of C=N and 
stretching of C-C, respectively (Figure 17c).[156] Generally, aromatic compounds such as PANI are 
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prone to interact strongly with the basal plane of the carbon via π- π stacking interactions. Here, 
quinoid ring of the conjugated PANI strongly interacts with the π-bonded surface of the TC. This 
interaction assists to enhance the charge transfer kinetics between the PANI and TC, which, in 
turn, improves the degree of the electron delocalization, and, therefore, conductivity of the 
PANI/TC hybrid.[157,158] Increased conductivity and good interfacial contacts between PANI and 
TC may offer better charge storage capacities as a supercapacitor electrode. 
3.1.3 Electrochemical performance of activated tire-derived carbon (TC) 
Cyclic voltammetry was performed on the TC electrodes in 1 M H2SO4 at various scan rates 
between 1-100 mV/s in the voltage range of 0.6 to -0.15 V, to assess the charge storage capacity. 
A nearly rectangular shape cyclic voltammograms (CVs) were observed at all the sweep rates 
without any distortion/redox peaks, a characteristic of the capacitive (double layer formation) 
charge storage (Figure 18a).[54] The capacitance value at the lowest rate of 1 mV/s was found to 
be 135 F/g, comparable with commercial AC.[55] The enhanced capacitance of the TC is attributed 
to the high SSA and narrow porosity, which are critical for the adsorption of the electrolyte ions.[58]  
It is known that the dissociation of the sulfuric acid in water yields sulfate (SO42-) and 
hydronium ions (H3O+), having the hydrated ion size of 0.53 nm and 0.42 nm, respectively.[64] 
PSD analysis of the TC confirmed that these hydrated ions can confine in the micropores of the 
TC (Figure 17a). The fraction of the mesopores present in the TC helps transport of ions from the 
surface to the bulk for easier access to the microporous network. Galvanostatic 
charging/discharging (GCD) curves of TC electrodes (Figure 18b) at different current densities (2, 
3, 4, 8 and 15 A/g) remained triangular/symmetrical – a characteristic of the capacitive behavior.[54] 
Almost negligible IR drop for all the current densities was observed indicating a high 
electrochemical reversibility, low equivalent series resistance values and good Coulombic 
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efficiency (~100%). This behavior can be attributed to the low electronic resistance and improved 
penetration of the electrolyte ions through meso-microporous channels during 
charging/discharging of the electrodes.[54]  
 
Figure 18: (a) CVs of the activated tire-derived carbon at various scan rates. (b) GCD plots at different current 
densities.  
3.1.4 Electrochemical performance of polyaniline/TC hybrids 
CV curves of the PANI/TC electrodes (Figure 19a) at various sweep rates (5-100 mV/s) in the 
potential range of -0.2 to 0.8 V exhibited two distinct redox peaks, which stem from the redox 
transitions of the PANI between leucoemeraldine/emeraldine and emeraldine/ pernigraniline.[159] 
CVs of the PANI/TC hybrid exhibited both faradic and capacitive charge storage representative of 
PANI and TC contributions, respectively. Flat ends of CVs show carbon contribution, while redox 
peaks correspond to PANI contribution, which shows that a large part of the capacitance originates 
from the pseudocapacitive contribution of the PANI. We prepared various compositions 
(monomer:TC ratios) and electrochemically characterized to seek the optimum composition. The 
best electrochemical performance was achieved when a composition of 60 µl of aniline, 60 mg of 
ammonium persulfate, and 60 mg of TC was used during the synthesis process. The capacitance 
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of this hybrid was 480, 390, 285, 235, 210, 180 and 160 F/g at scan rates of 1, 2, 5, 10, 20, 50 and 
100 mV/s, respectively.   
Across all the sweep rates, CVs of the PANI/TC hybrids remained rectangular with clear 
redox peaks confirming high activity and stability of the PANI even at high scan rates, which is in 
sharp contrast to many published reports, where CVs were distorted at moderate scan rates.[160–162] 
The high capacitance of the hybrid can be attributed to redox contributions of the PANI. Moreover, 
the 3D conductive porous architecture of the hybrid offers high electronic conductivity (for good 
rate performance) and high accessibility and shorter pathways for fast ion and charge transport.[159] 
Poor accessibility of the electrolyte ions led to decline in capacitance at higher scan rates, a 
common characteristic of the electrochemical energy storage devices.[29] Nevertheless, PANI/TC 
hybrid demonstrated the synergistic impact of both TC and PANI showing high capacitance, 
outperforming many previous reports.[161,163–165]  
GCD of PANI/TC electrodes (Figure 19b) at various current densities (3, 5, 8, 10 and 15 
A/g) showed two distinct voltage stages between 0.8 to 0.5 V and 0.5 to -0.2 V. The first linear 
potential stage of the discharge plot can be assigned to the double layer capacitance from TC, while 
the other can be ascribed to the combined double layer and faradic contribution of the PANI.[118,166] 
The discharge time of the PANI/TC electrodes was increased by decreasing the current density, 
indicating good ion accessibility at low current densities, and vice versa. The symmetric 
charge/discharge curves reveal high electrochemical reversibility and good coulombic efficiency 
(80%, 10 A/g) of the PANI/TC hybrid. (Figure 19b, inset).[167]  
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Figure 19: (a) CVs of PANI/TC at scan rates between 5-100 mV/s. (b) Discharge plots of GCD at various current 
densities: inset shows multiple charge/discharge cycles at 10 A/g. (c) Rate performance of the activated tire-derived 
carbon and PANI/TC hybrid at scan rates between 1-200 mV/s. Inset shows Nyquist plots of TC and PANI/TC hybrid. 
(d) Cycling performance of the PANI/TC hybrid electrode at 50 mV/s in 1 M H2SO4. Inset shows similar shapes of 
the CV obtained at 1st and 10,000th cycle, indicating negligible degradation of the PANI in hybrid during cycling.   
The rate performance of the TC and PANI/TC at various scan rates between 1-200 mV/s 
is shown in Figure 19c. As-produced carbon exhibited capacitance of 65 F/g at 1 mV/s, which 
increased to 135 F/g after chemical activation. PANI/TC electrodes showed high capacitance of 
480 F/g, more than 3.5 times higher than the TC, due to pseudocapacitive contribution of the PANI. 
The increase in capacitance stems from the coverage of the TC with PANI, improved electronic 
conductivity and low diffusion pathways for charge percolation. Moreover, charge transfer 
resistance (Rct) from the Nyquist plot (Figure 19c, inset) was found to be 3 Ω and 6 Ω for TC and 
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PANI/TC electrodes, respectively (45 Ω was measured for pristine PANI electrodes[35]). The 
relatively lower Rct values of the PANI/TC compared to PANI can be attributed to the improved 
conductivity, which is supported by enhanced rate capability and power performance of the tested 
electrodes.[52] Both TC and PANI/TC exhibited a near vertical line in the low frequency region of 
the Nyquist plot, confirming capacitive behavior of the electrodes.[54] The appearance of the semi-
circle for PANI/TC electrodes indicates the occurrence of the faradic processes.[168]  
Poor cycle life because of the degradation of the PANI upon cycling is the key problem for 
PANI-containing pseudocapacitive electrodes. When electrochemically cycled, PANI tend to 
degrade into p-aminophenol, p-benzoquinone, and quinone imines. Table 1 summarizes and 
compares the capacitance retention of various PANI-based hybrids with distinct types of carbons 
and various metal oxides, showing that they all exhibit a decay in capacitance after moderate 
cycling. Figure 19d demonstrates the cycle life performance of the PANI/TC hybrid up to 10,000 
cycles. Very interestingly, the PANI/TC hybrid exhibited remarkable capacitance retention up to 
98%, even after 10,000 cycles (50 mV/s). To the best of our knowledge, the reported capacitance 
retention values here are the best reported for any PANI/AC hybrid. Moreover, the tire carbon 
substrate used in this work is a recycled material (Table 1). The high capacitance retention of the 
PANI/TC hybrid may be attributed to: 1) hierarchical meso-microporous active carbon network, 
which tightly confined the PANI and served as a framework to avoid degradation of PANI, 2) 
good conductivity of TC provided conductive support to PANI when it was  in electrochemically 
inactive state to ensure facile charge transport, which assisted to avoid degradation; 3) 3D 
interconnected structure of the TC provided more active sites and better connectivity for the ion 
transport, which ensured the continuous charge transport, uniform charging and hindered the 
degradation of the PANI, and 4) thin coating and strong π–π interactions of the PANI with the 
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basal plane as well as in the inner pores of the TC served as the shallow traps for the PANI 
molecules, which minimized the degradation of the PANI, and led to improved cycling 
performance. Nevertheless, physical, and electrochemical characteristics of the PANI/TC hybrid 
combined with its moderate cost, scalable and environmental benign manufacturing process make 
this material attractive for large-scale energy storage applications.[169]  
So far in this chapter, we have demonstrated the use of high SSA conducting porous 
carbons derived from the solid waste old tires in supercapacitor electrodes. This carbon material 
is relatively abundant, inexpensive, and environmentally benign. The activated TC exhibited a 3D 
meso-microporous network with a high SSA of 1625 m2/g. When tested as a supercapacitor 
electrode, it showed a high charge storage capacity of 135 F/g at 1 mV/s in sulfuric acid electrolyte, 
comparable to the commercial AC. Aniline was chemically polymerized at room temperature on 
microporous TC to assess TC’s potential application as a conductive nanoscaffold for deposition 
of pseudocapacitive materials. It turned out that PANI/TC hybrid paper was conductive, could be 
easily bent, rolled, or used as a flat sheet electrode in the devices. When tested as the 
pseudocapacitive electrode, PANI/TC paper showed a capacitance of 480 F/g at 1 mV/s, 256% 
higher than the activated TC. PANI/TC hybrid demonstrated remarkable capacitance retention of 
up to 98%, outperforming other PANI activated carbon materials. The negligible capacitance loss 
was probably due to confinement of the PANI within the inner pores of TC. This waste tire-derived 
carbon is a good conductive 3D nano-scaffold for deposition of redox polymers and shows promise 
for capacitive charge storage. PANI/TC or a combination of TC with other redox-active polymers 
and/or metal oxides may find their application in the large scale energy storage systems,[118,132] 
where materials with a moderate cost and high energy density are critically needed. 
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Table 1: Comparison of the capacitance retention of the PANI/TC hybrid with various reported PANI-containing hybrids, 
where PANI/TC showed exceptional capacitance retention, after 10,000 cycles. 
Type of electrode 
material 
Supporting 
electrolyte 
Scan rate or 
current density 
Cycling stability (% 
retention after) 
Ref. 
Graphene/PANI paper 1 M H2SO4 5 A/g 82 (1000 cycles) [160] 
Graphene/PANI 
nanofibers 
1 M H2SO4 3 A/g 79 (800 cycles) 
[163] 
PANI nanowires/GO 1 M H2SO4 1 A/g 92 (2000 cycles) 
[159] 
3D PANI/Graphene 1 M H2SO4 100 mV/s 85 (1500 cycles) 
[170] 
Crosslinked PANI 
nanorods 
1 M H2SO4 100 mV/s 65 (1500 cycles) 
[165] 
PANI/MWCNTs 1 M H2SO4 5 mV/s 70 (700 cycles) 
[161] 
PANI/Carbon nanocoil 1 M H2SO4 2.5 A/g 72 (2000 cycles) 
[171] 
PANI/RuO2 1 M H2SO4 10 A/g 88 (10,000 cycles) 
[167] 
PANI/Carbon spheres 1 M H2SO4 1 A/g 73 (1000 cycles) 
[164] 
MoO3/PANI 1 M  H2SO4 20 mV/s 50 (200 cycles) 
[162] 
PANI/TC 1 M H2SO4 50 mV/s 98 (10,000 cycles) 
Current 
work 
Abbrevations used: PANI = polyaniline, MWCNTs = multi-wall carbon nanotubes, GO = graphene 
oxide,  RuO2 = rutheinum oxide, MoO3 = molybdineum trioxide 
3.1.5 Towards conducting polymers-based aqueous asymmetric devices  
In earlier sections, we showed that high SSA porous carbon with meso-micro porosity derived 
from waste-tires can be used as a conductive scaffold for the deposition of CP, polyaniline. We 
demonstrated that it is possible to cycle CP-based electrodes up to 10,000 cycles with only less 
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than 3% capacitance loss. We also learnt that careful design of porous carbon, electrode 
architecture, polymerization method/time and CP to porous carbon ratio play a pivotal role in 
achieving high pseudocapacitance, and long cycle life. However, one key challenge with 
microporous carbons is the blocking of the pores— if not engineered properly— by deposited CP, 
resulting in capacitance fade upon moderate cycling. Considerable progress has been made to 
nanostructure CP with other carbons (e.g., graphene, AC, CNT, etc.) to achieve high capacitance 
positive electrodes.[172] 2D graphene sheets and its derivatives, particularly reduced graphene oxide 
(rGO), are attractive as a conductive support to deposit CP due to their high electronic 
conductivity, high accessible SSA and favorable π-π interactions between graphene basal plane 
and π-conjugated polymers.[51,52,100] Moreover, due to its 2D morphology, it offers slit shaped ion 
diffusion pathways that improves kinetics of ion transfer, and gives large contact area for CP 
deposition, ensuring continuous supply of electrons to deposited CP.[173] It is further expected that 
hybridizing CP with rGO sheets will bring synergistic effect where former will offer high 
pseudocapacitance and may serve as spacers to separate the rGO sheets from restacking, and later 
will ensure the continuous supply of electrons during redox reactions of CP, therefore, improving 
the overall electrochemical performance. As a next step, we expanded our knowledge to variety of 
other CP and generalized the strategy for preparing CP@rGO hybrids. In forthcoming discussion, 
our focus will be on to expand the synthesis strategy to other CP, and explore strategies to widen 
the voltage window, thus energy density, of the CP-based devices – a key challenge of CP-based 
pseudocapacitors.       
One way to increase the energy density of the CP-based supercapacitors is to expand their 
voltage window using organic electrolytes or ionic liquids. High cost, safety issues, and restricted 
working conditions of non-aqueous electrolytes limit this approach.[28] Not only this, in fact, CP-
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based electrodes show best redox capacitance in aqueous protic electrolytes (e.g., H2SO4) at high 
positive potentials.[56,108,152,174] As a result, their operating voltage is limited to less than 1 V. 
Therefore, the useful application of CP-based electrodes is in an asymmetric configuration in 
which CP serve as a positive electrode opposing carbon-based electrode as a negative electrode in 
aqueous electrolytes. Such configurations have shown promise to expand the operating voltage 
window in aqueous electrolytes that translates into high energy density of the device (E = 0.5CV2, 
where C is capacitance and V is voltage).[139] Moreover, aqueous electrolytes show inherent 
advantages over their non-aqueous counterpart in terms of cost, safety, high ionic conductivity, 
ambient condition handling, and environmental stability and friendliness.[175]   
  It is known that the capacitance of an electrochemical cell (Ccell) is governed by 
capacitance of both positive and negative electrodes by the given formula: 1/Ccell = 1/C+ + 1/C−, 
where, C+, and C- are the capacitances of positive and negative electrodes, respectively. As the 
capacitance values of the CP are significantly higher compared to carbon electrodes, the total cell 
capacitance is limited by C- (i.e., carbon electrode).[176] Moreover, majority of carbon 
nanomaterials show hydrogen evolution at slight negative potentials in acidic electrolytes, 
therefore, most of the reported CP-based asymmetric devices are based on neutral 
electrolytes.[177,178] However, CP show best electrochemical performance in acidic electrolytes. So, 
whenever CP were paired with carbons in neutral electrolytes in earlier studies, their capacitance 
faded upon moderate cycling (Table 2 and ref.[179,180]). Therefore, finding a negative electrode with 
high pseudocapacitance in acidic electrolytes is a challenge to manufacture CP-based asymmetric 
devices in aqueous electrolytes for long cycle life.        
Here, we showed 2D titanium carbide (MXene) as a universal pseudocapacitive negative 
electrode for the CP-based aqueous asymmetric supercapacitors which show high 
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pseudocapacitance in low pH electrolytes at high negative potentials. We selected three different 
CP namely polyaniline (PANI), polypyrrole (PPy), and poly(3,4-ethylenedioxythiophene) 
(PEDOT), which were deposited on rGO sheets via oxidative polymerization, yielding capacitance 
of 275, 185, 120 F/g (5 mV/s), respectively. All-pseudocapacitive asymmetric supercapacitor were 
manufactured with an expanded voltage window up to 1.45 V in 3 M H2SO4, showing outstanding 
cycling performance. This demonstration paves the way for pairing nanostructured CP and Ti3C2Tx 
MXene as positive and negative electrodes, respectively.    
3.1.6 Morphological, and spectroscopic characterizations of positive 
(CP@rGO) and negative electrodes (MXene) for aqueous asymmetric devices  
  
Figure 20: (a) Schematic illustration of general synthesis of conducting polymers (CP) deposition on reduced graphene 
oxide (rGO) sheets, CP@rGO. Different oxidants can be used to initiate the polymerization (e.g., iron chloride, 
potassium permanganate, etc.). (b) A schematic representation of the organic-inorganic all-pseudocapacitive aqueous 
asymmetric supercapacitor in which CP@rGO are paired with transition metal carbide (MXene) as positive and 
negative electrodes, respectively.     
Figure 20a shows strategy for the synthesis of CP@rGO via oxidative polymerization. In a typical 
synthesis process, monomers of the CP (e.g., aniline, pyrrole, and EDOT) were mixed in a dilute 
acidic solution (1M HCl) followed by the addition of sonicated acidic solutions of the oxidants 
and hydrothermally reduced graphene oxide sheets, resulting CP deposited on rGO sheets (see 
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chapter 2 for synthesis details).[133,181] Figure 20b shows our strategy to expand the voltage window 
of the CP-based supercapacitors by pairing them with 2D Ti3C2TX sheets. We generalized this 
approach by combining various CP@rGO electrodes with Ti3C2Tx, and showed expanded voltage 
windows for various CP-based electrodes in 3 M H2SO4.  
 
Figure 21: (a) Scanning electron microscope (SEM) image of polyaniline deposited on reduced graphene oxide sheets 
(PANI@rGO). (b) SEM images of polypyrrole deposited on reduced graphene oxide sheets (PPy@rGO). (c) SEM 
image of poly(3,4-ethylenedioxythiophene) deposited on reduced graphene oxide sheets (PEDOT@rGO). (d-e) SEM 
and transmission electron microscope (TEM) images of Ti3C2Tx, MXene. (f) Raman spectra of PANI@rGO, 
PPy@rGO, and PEDOT@rGO. (g) Corresponding FTIR spectra. 
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As-produced CP@rGO hybrids were directly rolled into binder-free electrodes having 
thickness of ~40 µm. The low-magnification scanning electron microscopy (SEM) images (Figure 
21 a-c) showed macroporous irregular shape of the deposited CP. The SEM images of three hybrids 
further confirmed that within CP@rGO network, CP dominate. The SEM and TEM (Figure 21 d-
e) images of Ti3C2Tx MXene show 2D morphology, and that MXene film is composed of well-
aligned stacked sheets (Figure 21d).  
FTIR and Raman spectroscopies are further used to confirm the formation of the doped 
(conducting) CP on rGO sheets. Figure 21f shows the Raman spectra of the PANI@rGO, 
PPy@rGO and PEDOT@rGO. The bands at 415, 519, 780, 838, 1161, 1218, 1417, 1472, 1580 in 
PANI@rGO Raman spectrum are assigned to out-of-plane C–H wagging, out-of-plane C–N–C 
torsion, deformation of the quinoid ring, deformative vibrations of the PANI amine group, quinoid 
ring vibrations, stretching of C−N, stretching of the C=C in the quinoid ring, stretching of C=N, 
and stretching of C−C, respectively.[56,182] The bands at 926, 985, 1049, 1331, 1588 in PPy@rGO 
Raman spectrum are assigned to bipolarons (dications), polarons (radical cation), C–H 
deformation, C–C ring stretching, and C= C stretching of two oxidized structures, respectively.[183] 
The bands at 439, 572, and 992 cm-1 PEDOT@rGO Raman spectrum are assigned to oxyethylene 
ring deformation.[184] The bands at 698, 856, 1253, 1438, 1567 cm-1 are ascribed to symmetric C–
S–C deformation, C–O bending vibrations, C–C stretching, symmetric C=C (–O) stretching, and 
asymmetric C=C stretching, respectively.[184–186] 
Figure 21g shows that FTIR spectra of the PANI@rGO, PPy@rGO and PEDOT@rGO. 
FTIR bands of PANI@rGO appeared at ~1105, 1224, 1282, 1440, and 1546 cm-1 which are 
assigned to vibrational band of nitrogen quinine, C=N stretching, C−N stretching modes of an 
aromatic amine, benzenoid ring stretching, and quinoid ring stretching.[154,187] FTIR spectrum of 
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PPy@rGO showed bands at 771, 963, 1022, 1152, 1368, 1440, 1529, 1624, and 1740 cm-1 which 
are ascribed to C−H out of plane vibration, doped state of PPy, C–H deformation vibration, C−N 
stretching vibrations, N−H deformation of pyrrole ring, C−N vibrations, C−C vibrations, C=C 
stretching vibrations, and C=O stretching vibrations. [183,188] The bands at 727, 864, 992 in FTIR 
spectrum of PEDOT@rGO are assigned to C−S bond, and the bands at 1068, 1120, 1159, and 
1234 are ascribed to C–O–C bond stretching in the ethylene dioxy group.[189,190] The band at 1368 
cm-1 is due to C–C stretching vibrations of the thiophene ring.[186] 
3.1.7 Electrochemistry of CP@rGO hybrids in a 3-electrode configuration 
Figure 22 shows the electrochemical performance of the PANI@rGO, PPy@rGO, and 
PEDOT@rGO in a 3-electrode configuration in 3 M H2SO4. CVs of the PANI@rGO (Figure 22a) 
at different scan rates (5–100 mV/s) in the potential range of 0 to 0.8 V showed two distinct redox 
peaks, corresponding to redox transition of PANI between leucoemeraldine/emeraldine and 
emeraldine/pernigraniline.[56,174] CV curves showed both faradic (redox peaks), and double-layer 
charge storage character (flat ends), originating from PANI and rGO, respectively. The redox 
peaks of the PANI stayed stable even at scan rate of 100 mV/s, confirming high stability and 
reversibility of the PANI redox reactions within hybrid electrodes.[191] Unlike PANI@rGO 
electrodes, the CV curves of the PPy@rGO (Figure 22b) at different scan rates showed a broad 
redox peak between 0.2 and 0.6 V, corresponding to PPy redox.[133] The stable CV curves of 
PPy@rGO electrodes at high scan rates show good ionic and electronic transport within hybrid.[191] 
Opposed to PANI and PPy hybrids, PEDOT@rGO exhibited rectangular CV, showing good 
capacitive character of the electrodes. It is clear from the PEDOT@rGO CV curves that the 
capacitive behavior dominates capacitance, except one minor redox hump at 0.55 V. It is recently 
reported that, unlike other CP, PEDOT-based materials show capacitive character due to electrical 
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double layers formation along the interfaces of nano-scaled PEDOT.[192] Across all the rates, CV 
curves of the PEDOT@rGO remained rectangular, showing high rate capability of the 
electrodes.[23]
  
Figure 22: Cyclic voltammograms (CVs) of polyaniline deposited on reduced graphene oxide sheets (PANI@rGO). 
(b) CV curves of polypyrrole deposited on reduced graphene oxide sheets (PPy@rGO). (c) CV curves of poly(3,4-
ethylenedioxythiophene) deposited on reduced graphene oxide sheets (PEDOT@rGO). (d) Galvanostatic 
charge/discharge (GCD) curves of the PPy@rGO. (e) GCD curves of the PEDOT@rGO. (f) Corresponding rate 
performance. 
GCD curves of the PEDOT@rGO (Figure 22d) and PPy@rGO (Figure 22e) at different 
current densities showed symmetric charge/discharge curves, revealing high electrochemical 
reversibility and Coulombic efficiency (≈100%).[28] GCD curves of PEDOT@rGO exhibited more 
capacitive character, corroborating CV results. The rate of performance of the CP@rGO hybrids 
is shown in Figure 22f. PANI@rGO showed the highest capacitance and PEDOT@rGO hybrids 
showed the highest rate performance. The trend in capacitance can be related with the doping level 
of the CP. For instance, PANI offers highest doping level which leads to high capacitance 
compared to other CP studied for the capacitive energy storage.[78] Compared to other CP, PEDOT 
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exhibits the lowest capacitance due its low doping level and larg molecular weight of the EDOT 
monomer.[172] Nevertheless, all CP@rGO showed fast rate performance and pseudocapacitive 
behavior at high positive potentials which render them to be used as potential positive electrodes 
for supercapacitors.   
It is obvious from above results that CP show maximum capcitnace in protic electrolytes 
at high positive potentials below 1 V. However, they show hydrogen evolution slighlty above 1 V. 
So manufacting full devices with expanded voltage window is hindered by the lack of 
electrochemically matching negative electrode material. While they have been combined with low 
capaicntce carbon-based nanomaterials to expand the voltage winodw in aqeuous electrolytes,[179] 
the avilaibility of a pseudocapcitve negative electrode material which could perform in acidic 
electrolytes similar to CP is scare in literature (see detailed reviews as ref.[177,178,193]).  
3.1.8 All-pseudocapacitive asymmetric devices based on CP@rGO and MXene  
We show that Ti3C2Tx MXene is an attractive negative electrode for the CP based-devices mainly 
due to its: (1) metallic conductivty, (2) high pseudocapacitnace at negative potentials, and (3) most 
importantly, redox activity in protic electrolytes similar to CP, which otherwise is rare to achieve 
with carbon or metal oxide-based electrodes. Figure 23 (a-c) shows the CVs (5 mV/s) of the 
individual electrodes (Ti3C2Tx, and CP@rGO) in a three-electrode set-up in which both electrodes 
exhibited electrochemical activity at entirely different potentials in 3 M H2SO4, confirming the 
possibility to manufacture pseudocapacitve devices composed of high performance CP hybrids 
opposing Ti3C2Tx MXene as positive and negtive electrode, respectively. The small redox peak 
sepration of MXene clearly show pseudocapacitve behaviour and rapid charge transfer kinetics.[23]   
Figure 23 (d-f) shows the CV curves of the Ti3C2Tx//PANI@rGO, Ti3C2Tx//PPy@rGO, 
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and Ti3C2Tx//PEDOT@rGO devices in 3 M H2SO4 at different scan rates (5-100 mV/s). CV curves 
of Ti3C2Tx//PANI@rGO (Figure 23d) at different scan rates (5–100 mV/s, 0-1.45 V) showed a 
pronounced redox peak centered at 0.7 and 0.83 V, indicating rapid redox reactions in the 
manufactured device. Like Ti3C2Tx//PANI@rGO, Ti3C2Tx//PPy@rGO also showed reversible 
pseudocapacitive behavior. Unlike PANI-based devices, the PPy-devices showed broad oxidation 
and reduction peaks, consistent with the three-electrode CV curves of the PPy-based electrodes 
(Figure 23b). The CV curves of Ti3C2Tx//PEDOT@rGO showed stable pseudocapacitive character 
even at a scan rate of 100 mV/s. Unlike PANI and PPy-based devices, the shape of the PEDOT-
device CV at higher scan rates appeared less distorted mainly due to capacitive behavior of the 
PEDOT, corroborating the single electrode electrochemical performance (Figure 23c).[192]   
 
Figure 23: CV curves of individual electrodes (a) polyaniline, (b) polypyrrole, (c) poly(3,4-ethylenedioxythiophene) 
based hybrids and titanium carbide, MXene. (d-f) CV curves of corresponding devices at different scan rates between 
5-100 mV/s. All results are based on 3 M H2SO4 as an electrolyte.    
CV curves of all devices showed combined double layer (flat ends) and faradic (redox 
peaks) character. All devices showed no sign of electrolyte decomposition even well-above the 
water-splitting potential, confirming it is possible to expand the voltage window of 
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pseudocapacitive CP in protic electrolytes. Stable CV curve at scan rate of 100 mV/s and small 
peak-to-peak separation of all devices show: (1) good pseudocapacitive character, (2) fast kinetics 
of redox reactions, and, (3) high-rate electrochemical behavior of the manufactured devices.[13,23,33] 
 
Figure 24: (a) Galvanostatic charge/discharge (GCD) curves of (a) PANI@rGO//Ti3C2Tx. (b) PPy@rGO//Ti3C2Tx. (c) 
PEDOT@rGO//Ti3C2Tx device. (d) Ragone plots. (e) Cycle life performance of optimized compositions. Insets in (e) 
are the CV curves before and after long cycling of devices. 
GCD curves of the PANI, PPy and PEDOT-based asymmetric devices (Figure 24 a-c) 
exhibited nearly symmetric charge/discharge curves, showing again rapid ion and electron transfer 
kinetics, high equilibrium of redox processes, and high Coulombic efficiencies of the 
devices.[56,174,183] Typical EDLC show triangular shape GCD curve.[28] However, GCD curves of 
asymmetric pseudocapacitors exhibited two prominent potential curves, confirming 
pseudocapacitive charge storage. The fact that GCD curves stayed symmetrical even at high 
current densities in an asymmetric configuration shows that CP//MXene based devices are capable 
to operate at high rates. Ragone plots (Figure 24d) further compared the energy and power densities 
of the asymmetric devices. PANI-based devices showed the highest energy density (~17 Wh/kg) 
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and PEDOT asymmetric devices yielded the least energy density (~13 Wh/kg), outperforming 
majority of the CP-based asymmetric supercapacitors.[178] Unlike other reported CP based 
asymmetric supercapacitors, CP@rGO//MXene devices are notably superior at retaining the 
energy density, showing a shallower drop at high power rate, which can be ascribed to high 
conductivity, and rapid charge propagation throughout the entire device. This further confirms the 
high rate capability of the CP@rGO//MXene devices.[23]  
One key challenge with pseudocapacitive materials, particularly with organic materials, is 
their poor cycling performance.[191] Typically, CP begin to degrade after few hundred cycles due 
to their inherent challenge of ion doping, causing changes in volume and mechanical failure of the 
device.[110] This situation is expected to become worse when CP-based electrodes are paired with 
another chemically dissimilar pseudocapacitive electrode material in an asymmetric device. For 
instance, over 20% capacitance decay was noticed just after few thousand cycles for many reported 
CP-containing asymmetric supercapacitors (Table 2). Therefore, long cycle life of CP-based 
asymmetric supercapacitors is still an outstanding challenge.  
CV tests were performed to evaluate the cycling performance of all manufactured devices 
at 100 mV/s within earlier optimized potential windows. PANI-based devices showed capacitance 
retention of ~88% after 20,000 cycles (Figure 24e), which is among the highest for PANI-based 
asymmetric devices (Table 2). It is interesting to note the shape of the CVs before and after 20,000 
cycles stayed similar with prominent redox peak, confirming high equilibrium of redox reactions 
within asymmetric device.[100] PPy-based device also showed decent capacitance retention of 75% 
after 20,000 cycles. Although, retention values are lower for PPy-based device compared to PANI-
based device, they are still much higher when compared with the earlier literature (Table 2). While 
CV shapes of PPy-based devices are slightly more distorted than PANI-based devices, it is 
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interesting to note that devices kept their pseudocapacitive behavior even after 20,000 
charge/discharge cycles. Our PEDOT-based device showed the lowest capacitance retention (80%, 
10,000 cycles) compared to PANI and PPy-based devices, most likely due to high molecular 
weight and low doping level of PEDOT compared to PANI and PPy.[83] However, they 
outperformed many PEDOT-based asymmetric devices reported earlier due to highly conducting 
pseudocapacitive opposing electrodes, i.e., MXene (Table 2). 
The remarkable electrochemical performance of CP@rGO//MXene based asymmetric 
supercapacitors can be ascribed to: (1) Unlike many other classes of redox-active organic materials 
(e.g., carbonyls, radical polymers, viologen derivatives, etc.), CP are intrinsically conductive 
materials, which favored fast ion and electron transport to access available redox-active sites 
rapidly, resulting in high pseudocapacitance. Furthermore, deposition of CP on conductive rGO 
sheets gave strong mechanical support and conductive pathways for facile electron percolation.[181] 
During hybridization, CP interacted with π-bonded surface of rGO sheets via π−π interactions, 
resulting improved electron delocalization and charge-transfer kinetics between the CP and rGO 
sheets. These interactions led to improved interfacial contacts and minimized the diffusion and 
migration path lengths for the ion transport during redox reactions, yielding good electrochemical 
performance of CP-based asymmetric supercapacitors; (2) Highly conductive free-standing 
binder-free MXene film offered high electronic conductivity and offered slit-shaped channels for 
proton diffusion that allowed fast accessibility to electrochemically active sites,[173] causing rapid 
redox reactions within asymmetric device. (3) High pseudocapacitance, better rate performance 
and long cyclability of MXene,[23] altogether contributed to boost the energy density and cycle life 
of the asymmetric devices. (4) Use of optimal rGO sheets within CP@rGO hybrids minimized the 
expansion and contraction of the CP during charging/discharging of the asymmetric devices, 
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leading to outstanding cycling performance. (5) Use of the protic electrolyte (3 M H2SO4) offered 
high ionic conductivity, high concentrations of ions, fast kinetics being the smallest cation, which 
promoted redox-reactions of both CP and MXene, and led to better rate handling, and long cycle 
life of devices. (6) The synergistic effect of redox-activity of both positive and negative electrodes 
at entirely different potentials in same electrolyte led to expand the voltage (thus energy density), 
improved capacitance and cyclability of the asymmetric devices. (7) Well-matched masses of both 
positive and negative electrodes helped to improve capacitance, rate capability and cycle life of 
the as-manufactured devices.    
In sections 3.1.5-3.1.8, we showed that free-standing Ti3C2Tx electrodes, which offer high 
pseudocapacitance, better rate handling, and good cycle life at high negative potentials in a 3 M 
H2SO4,[23] can serve as a universal negative electrode material for a variety of CP-based 
asymmetric supercapacitors. To demonstrate the generality of our approach, we have synthesized 
three CP-based hybrids namely PANI, PPy and PEDOT, deposited on rGO sheets via oxidative 
polymerization (CP@rGO), and first tested them as positive electrode materials in 3-electrode set-
up. Later, we manufactured devices based on CP@rGO and Ti3C2Tx MXene. The optimized 
compositions of CP@rGO//MXene showed high power, considerable energy density, and 
outstanding cycling performance. Particularly, PANI-based asymmetric devices allowed to expand 
the voltage window up to 1.45 V, offered high energy density of ~17 Wh/kg, and an outstanding 
capacitance retention of 88.42% after 20,000 cycles, which is one of the highest for PANI-
containing, as well as MXene-based organic-inorganic asymmetric supercapacitors. In this unique 
asymmetric combination, both electrodes of different chemistries electrochemically complement 
each other to boost the overall electrochemical performance. The approach described above is 
general and can be extended to many existing or other newly synthesized CP.     
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Table 2: Comparison of the cycling performance of the reported CP-based asymmetric supercapacitors with our results.  
Positive electrode Negative 
electrode 
Electrolyte Scan rate 
or current 
density 
Cycles 
(retention) 
Ref. 
PANI nanofiber rGO 1 M HCl N/A N/A [194] 
rGO/PANI rGO/RuO2 2 M H2SO4 2 A/g 2500 (70%) 
[187] 
PANI nanofibers V2O5 3 M KCl 5 mV/s 2000 (73%) 
[195] 
sGNS/cWMCNT/PANI aGNS 1 M H2SO4 1 A/g 5000 (91%) 
[196] 
PANI/GOs/ MWCNTs aGO/MWCNT 1 M H2SO4 200 mV/s 3000 (89%) 
[197] 
PANI nanotubes MoO3 1 M H2SO4 5 mV/s 700 (70 cycles) 
[161] 
LiMn2O4 PANI/Fe2O3 0.5 M Li2SO4 150 mA /g 1000 (73.3%) 
[198] 
PEDOT@MnO2 C@Fe3O4 PVA/LiCl N/A 800 (80%) 
[199] 
MnO2 
Ti/Fe2O3 
@PEDOT PVA/LiCl 100 mV/s 6000 (85.4%) 
[200] 
MnO2/PPy V2O5/PANI PVA–LiCl 32 mA/cm2 7000 (92%) 
[201] 
MnO2 PEDOT 2 M KNO3 250 mA/g 500 (91%) 
[201] 
V2O5/PEDOT/MnO2 AC 1 M Na2SO4 6 A/g 3000 (93.5%) 
[202] 
MnO2/rGO Ppy/rGO 2 M LiCl 50 mV/s 2000 (75%) 
[203] 
PPy–cellulose Carbon  2 M NaCl 20 mA/cm2 1000 (23%) 
[204] 
PEDOT/lignin PEDOT/PAAQ 0.1 m HClO4 1 A/g 10000 (80%) 
[205] 
MnO2/PPy NAC 1 M Na2SO4 5 A/g 5000 (90.6%) 
[206] 
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PPy–MWCNT VN–MWCNT 0.5M Na2SO4 N/A 1000 (84.3%) 
[207] 
Co(OH)2/NEMG PPy/rGO 1 M KOH N/A 6000 (60%) 
[208] 
Ni@PPy@MnO2 Ni@MnO2@PPy 0.5 M Na2SO4 100 mV/s 3000 (83.5%) 
[209] 
SnO2/MnO2 SnO2/PPy 1 M Na2SO4 N/A 2000 (80%) 
[210] 
PPy/PMA PEDOT/PTA 0.5 M H2SO4 1 mA 200 (57%) 
[211] 
PEDOT@rGO Ti3C2Tx 3 M H2SO4 100 mV/s 10000 (80%) Current 
PPy@rGO Ti3C2Tx 3 M H2SO4 100 mV/s 20000 (75%) Current 
PANI@rGO Ti3C2Tx 3 M H2SO4 100 mV/s 20000 (88.4%) Current  
Abbrevations used: PANI = polyaniline, PPy = polypyrrole, PEDOT = poly(3,4-ethylenedioxythiophene) 
MWCNTs = multi-wall carbon nanotubes, GO = graphene oxide,  RuO2 = rutheinum oxide, MoO3 = 
molybdineum trioxide, GNS = graphene nanosheets, NAC = nitrogen doped activated carbon, NEMG = 
nitrogen modified microwave exfoliated graphite oxide, Ti3C2Tx = titanium carbide (MXene), PMA = 
phosphomolybdic acid, PTA = phosphotungstic acid. 
3.2 Discrete organic molecules-based hybrids 
3.2.1 Overview of opportunities and challenges facing discrete organic 
molecules for pseudocapacitive applications 
In section 3.1, we discussed two grand challenges that CP-based supercapacitors are facing and 
gave their solutions. However, CP-based electrodes inherent two issues[172,174,212]: (1) During each 
charge/discharge, ion doping/undoping takes place. As a result, they swell/contract, leading to 
capacitance fade upon cycling. Conductive supports suppress the issue to large extent, yet, not 
completely,[191]  (2) their limited electron uptake by the monomer units of the polymeric chains 
limits their capacitance. For instance, the largest doping level for the most studied conducting 
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polymers, PANI, PPy and PEDOT, is between ~0.3-0.5.[172,174,212] To mitigate these limitations, 
the choice of discrete organic molecules is promising due to (1) their ability to exchange multiple 
electrons per formula unit thus high pseudocapacitance, (2) structural diversity, (3) low volume 
expansion, and (4) tunability of structure and properties.[33]  
Systematically, we explored variety of discrete organic families capable of exchanging 
single to multi-electron redox/formula unit for pseudocapacitive energy storage in aqueous 
electrolytes. These molecules can be used as parent molecules to further functionalize them to tune 
their charge storage performance. Following results offer a starting point for researchers to further 
explore these organic families for pseudocapacitive applications. 
3.2.2 One electron redox organic-based hybrids 
3.2.2.1 Exploring potential of phenothiazine as pseudocapacitive materials 
We focused on thiazine class of heterocyclic compounds, particularly, phenothiazines, which have 
been known from over a hundred years, and belongs to oldest synthetic antipsychotic drugs.[213] 
Phenothiazine can be synthesized by heating diphenylamine and sulfur,[214] and is produced on 
commercial scale these days. Chemically, it is a sulfur and nitrogen-containing tricyclic organic 
compound having formula S(C6H4)2NH.[215] The phenothiazine is a parent compound and can be 
functionalized with other organic compounds, offering enormous potential to tune its physical, 
chemical, and electrochemical properties.[216] They are considered as electron rich organics due to 
presence of nitrogen and sulfur in the phenothiazine core, and have been used for biomedical, solar 
cells, organic light-emitting diodes, transistors, dyes, chemical stabilizer/inhibitor to prolong shelf 
life of products, and as a stable redox shuttle additive for lithium-ion batteries.[215,217,218] Yet, the 
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scope of this class of materials remained unexplored for pseudocapacitive applications. The 
possible redox scheme for this class of compounds is described in Figure 25. 
 
Figure 25: Redox scheme of phenothiazine showing an electron exchange.  
We selected phenothiazine to investigates its pseudocapacitive properties because (1) its 
tricyclic organic core enrich with π-electrons may facilitate strong adhesion to conductive supports 
(e.g., graphene), therefore, may lead to high capacitance and long cycle, (2) nitrogen and sulfur 
are known for pseudocapacitive contributions, therefore will boost the electrochemical 
performance, (3) phenothiazines only contains C, N,  and S in the core, therefore, they are 
considered to be eco-friendly, scalable, and affordable, and, (4) while phenothiazines offer one-
electron redox, the possibility to further functionalize/polymerize its core may allow to further 
boost its capacitance, redox potentials, and cycle life. 
Like other organics, phenothiazine has low conductivity.[219] To explore their charge 
storage performance, it is essential to hybridize them with a suitable conductive support (e.g., 
carbon materials). We used reduced graphene oxide (rGO), a derivative of graphene, as a 
conductive support due to high electronic conductivity, high accessible SSA, 2D morphology, and 
intrinsic capacitive contributions.[47] There are two possible routes to deposit phenothiazine on 
rGO[220]: (1) covalent and (2) non-covalent. Covalent functionalization on graphene has been 
reported by various approaches such as diazonium and click chemistry, hydrogenation, acylation, 
and Diels–Alder reactions.[221] Although, they provide a strong bonding between carbons and 
organic molecules, most covalent functionalization methods decrease the conductivity of graphene 
92 
 
and some of them involve tedious synthesis protocols, which also add extra cost.[222] In contrast, 
noncovalent functionalization by organic materials is facile and does not significantly alter the π-
conjugated system of graphene, and thus its high electronic conductivity remains preserved, which 
is essential for the electrochemical applications.[222,223] To achieve strong bonding between a 
redox-active molecule and a conductive carbon support via non-covalent route, π-aromatic redox-
active organic materials, such as phenothiazine, are attractive. This combination is expected to 
keep redox molecules intact with the conductive aromatic support by π-π interactions, and may 
suppress the degradation of active molecule during electrochemical operation, resulting improved 
capacitance and cycle life of the hybrid.[121,224,225]  
3.2.2.2 Phenothiazine deposition on rGO and its characterizations  
 
Figure 26: Synthesis strategy of phen@rGO hybrids by hydrothermal synthesis. As-produced gels were rolled to 
produce ~33 µm thick electrodes. 
We used hydrothermal method to deposit phenothiazine on rGO sheets (Figure 26). Different 
compositions (wt%) of phenothiazine to graphene oxide (GO) were mixed, sonicated, and 
hydrothermally heated at 180 °C up to 16 h, which yielded gel-type material, resulting 
phenothiazine deposited reduced graphene oxide (phen@rGO) xerogels upon room temperature 
drying. These gels were directly rolled to prepare binder-free electrodes (Figure 26). Further 
synthesis details are described in chapter 2. Our upcoming discussion on phenothiazine is based 
on 1:2 composition (unless mentioned explicitly), which refers to the hybrid in which GO was 
twice the phenothiazine prior to hydrothermal reaction.  
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The SEM image of the phen@rGO hybrid (Figure 27a) showed interconnected porous 
morphology of the hybrid. The porous architectures are known to ease the mobility of the ions by 
reducing diffusion path lengths throughout the entire electrode, thereby, leading to improved 
electrochemical performance of the electrodes.[226] The cross-sectional SEM image show that 
phen@rGO film is densely packed having thickness of ~33 µm (Figure 26).   
 
Figure 27: (a) Scanning electron microscope (SEM) image of phen@rGO. Arrows in the image marked macropores 
that are usually beneficial for charge mobility. (b) FTIR spectra of GO, rGO, phenothiazine (phen), and phen@rGO 
showing GO reduction to rGO as well as deposition and interaction of phenothiazine with rGO sheets during 
hydrothermal reaction. 
FTIR spectroscopy (Figure 27b) was used to understand the interaction and deposition of 
phenothiazine on rGO sheets. GO showed bands a broad band ~3250 cm-1 showing GO surface is 
rich with hydroxyl groups.[227] Other oxygenated bands appear at ~1724, 1622, 1378, 1226, 1047 
and 967 cm-1 which correspond to C=O stretching, aromatic C=C stretching, carboxyl O=C–O 
vibrations, C–O stretching vibrations of phenols, and C–O vibrations from ether/epoxy/peroxide 
functional groups, respectively.[52] The removal of oxygen-containing peaks in rGO spectrum 
confirmed GO reduction. Two new peaks (marked with cross) emerged in the rGO spectrum at 
~1160 and 1550 cm-1 which correspond to sp2 hybridized C=C skeletal vibrations of rGO, 
confirming reduction of GO.[228,229]   
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Phenothiazine deposited rGO (phen@rGO) spectrum showed joint character of GO, rGO 
and phenothiazine. For instance, the band at 1724 cm-1 (C=O stretching) which is common for GO 
and rGO also appeared in phen@rGO, but not available in the phenothiazine spectrum. Similarly, 
two sharp peaks of phenothiazine shown at ~1595 and 1572 cm-1 (C=C stretching) merged into a 
single broad peak, and stretched up to 1550 cm-1 band (C=C) of rGO.[230] Furthermore, the band 
at 1378 and 1226 cm-1 neither appeared in rGO nor in phenothiazine, but are common for GO and 
pheno@rGO hybrid.[230,231] The bands at 1118 ( C—H) and 727 cm-1 ( C—S) are common for 
the phenothiazine and phen@rGO hybrid.[186,230] In phen@rGO hybrid FTIR spectrum, the 
appearance of new peaks as well as stretching/broadening of peaks indicate that phenothiazine is 
deposited on rGO sheets as well as interacted with rGO sheets.[232]       
3.2.2.3 Electrochemical performance of phen@rGO in 3-electrode 
configuration  
The electrochemical performance of phen@rGO was first tested by cyclic voltammetry in a three-
electrode configuration (-0.2-+0.8, vs. Ag/AgCl, 3 M H2SO4). CV curves of the phen@rGO 
exhibited a reversible pair of redox curve centered at ~0.38/0.28, showing redox behavior of 
phenothiazine (Figure 28a). The small cathodic and anodic peak separation further suggest that 
redox reactions of phenothiazine are pseudocapacitive, fast and highly reversible.[13] Across all the 
scan rates, the hybrid showed reversible redox of the phenothiazine, confirming high redox activity 
and stability of the phenothiazine molecules within hybrid.[191] While CV curves are dominated by 
redox contributions of phenothiazine, flat ends of CVs are indicative of the capacitive 
contributions from rGO sheets.[56] This electrochemical behavior explains synergistic effect of 
phenothiazine and rGO; where former provides high redox capacitance, and later offers electrical 
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connections to phenothiazine molecules for charge percolation throughout the entire electrode 
architecture, enabling better electrochemical performance. 
 
Figure 28: Electrochemical performance of phen@rGO positive electrodes. (a) CVs of the phen@rGO electrodes at 
various scan rates in 3 M H2SO4. (b) Galvanostatic charging/discharging curves at various current densities. (c) Rate 
performance of various compositions between 5 and 100 mV/s. (d) Cycling performance of phen@rGO electrodes 
showing capacitance retention of 77% after 80,000 CV cycles (50 mV/s). Inset in (d) shows nearly identical in shape 
CV scans before and after long cycling.  
GCD curves (Figure 28b) at various current densities (2, 3, 5, 7, 10, and 20 A/g) showed 
two voltage curves between 0.8 to 0.6 and 0.6 to -0.2 V, where former stems from capacitive rGO 
and later mainly comes from faradic contributions of phenothiazine.[225] The symmetric GCD 
curves across all the current densities, even at current density of 20 A/g, confirm redox processes 
occur in highly reversible fashion within hybrid, good Coulombic efficiency, and high rate 
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electrochemical behavior.[100] This can be attributed to better ionic and electronic accessibility 
throughout the entire porous electrode architecture during electrochemical operation.   
To find the optimum composition, a comparative study was conducted by varying the 
initial amount of phenothiazine prior the hydrothermal reaction. Regardless of initial amount of 
the phenothiazine in the hybrid, all compositions showed improved performance (Figure 28c). We 
first added twice the amount (wt. %) of GO to the amount of phenothiazine (1:2). The resulting 
electrodes yielded capacitance of 300 F/g (5 mV/s), which is 2.33 times higher than its pristine 
counterpart (129 F/g, 5 mV/s). Upon equalizing the initial weights of GO and phenothiazine before 
the hydrothermal reaction resulted capacitance of 287 F/g (5 mV/s). While this capacitance is 2.22 
times higher than rGO, it appeared comparable to the one when GO was twice that of 
phenothiazine. However, when the scan rate was increased from 5 to 100 mV/s, a sharp decline in 
capacitance was seen for 1:1 composition, which can be ascribed to excessive loadings of poorly 
conducting phenothiazine in this composition. This shows that 1:2 composition retains optimum 
amount of phenothiazine which remained accessible to electron and ions within hybrid and led to 
high capacitance and good rate performance across all the investigated scan rates.       
One key challenge for redox-active organic materials is their poor cycle life due to 
degradation over cycling, limiting their use in commercial devices. Conventional carbon-based 
electrodes show extremely long cycle life due to physical adsorption of ions at electrode-
electrolyte interface that does not chemically change the electrode.[4] However, redox-active 
organic compounds involve exchange of electrons during electrochemical operation that generate 
radical anions which may decompose via reactions with solvent, dimerization, and/or 
disproportionation reactions.[123] To examine the stability of phen@rGO hybrid, we cycled 
optimized composition over 80,000 cycles at a scan rate of 50 mV/s. The tested electrodes showed 
97 
 
a remarkable capacitance retention of 77% after 80,000 charge/discharge cycles (Figure 28d). To 
the best our knowledge, this is the highest reported retention for phenothiazine-based organics, 
and one of the highest for any redox-active organic molecules in an electrode.  
The high electrochemical performance, particularly, capacitance retention of phen@rGO 
is due to: (1) the porous architecture with minimized pore tortuosity that ensured fast ion transport 
kinetics, and conductive rGO scaffold that enabled rapid electron transport across the entire 
electrode area. This rapid ion and electron transport within hybrid proved beneficial for better 
capacitance, rate and, long cycle life of pehn@rGO, (2) electron rich phenothiazine core induced 
strong π- π interactions with rGO basal plane that permitted facile charge transport across 
phenothiazine and rGO interface, which remained advantageous for high capacitance retention, (3) 
high stability of phenothiazine molecules in aqueous media shielded phenothiazine from 
dissolution during electrochemical operation, and led to high capacitance retention, and (4) during 
electrochemical operation, phenothiazine oxidized states offer strong tendency to stabilize through 
π–π interactions between redox-active phenothiazine groups,[233] resulting exceptional stability 
during charge/discharge and this unique behavior leads to long cycle life of pheno@rGO hybrids.     
3.2.2.4 Electrochemical performance of phenothiazine-based asymmetric 
supercapacitors 
Generally, redox-active organic materials show high pseudocapacitance in aqueous 
electrolytes at high positive potentials. Therefore, an efficient use of redox-active organic materials 
would be in an asymmetric configuration in aqueous electrolytes.[178] Asymmetric devices with 
aqueous electrolytes are significantly safe, affordable, eco-friendly, and allow cell assembly 
mostly at ambient conditions.[175] This pose a challenge to find a matching negative electrode 
material for optimized phenothiazine to manufacture devices for practical applications. Previously, 
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carbon nanomaterials in various dimensions and morphologies have been paired with high 
performance positive electrodes to manufacture asymmetric supercapacitors.[234,235] However, 
phenothiazine shows high redox capacitance in protic electrolytes, so finding a matching negative 
electrode material in protic electrolytes is a challenge.   
 
Figure 29: Electrochemical performance of phenothiazine-MXene all-pseudocapacitive asymmetric device. (a) 
Schematic of phenothiazine-MXene asymmetric supercapacitor in which phen@rGO and Ti3C2Tx work as positive 
and negative electrodes in 3 M H2SO4, respectively. (b) CV curves of positive and negative electrode show redox 
behavior at different potentials (10 mV/s). (c) CV curves at various scan rates between 5 and 500 mV/s of a 
phen@rGO//Ti3C2Tx asymmetric device, showing no sign of electrolyte decomposition. (d), Corresponding 
galvanostatic charge/discharge curves at various current densities. (e) Rate performance at various scan rates. (f) 
Cycling performance of phe@rGO//Ti3C2Tx asymmetric device at 100 mV/s. Inset in f shows almost identically 
shaped CVs after long cycling. 
Here, we show that Ti3C2Tx film can be a potential negative electrode material for 
phenothiazine based redox-active molecules. Figure 29a shows schematic of our organic-inorganic 
asymmetric supercapacitor in which phen@rGO and Ti3C2Tx served as positive and negative 
electrode, respectively.  Figure 29b shows the CV curves at 10 mV/s of optimized positive 
(pheno@rGO) and negative (Ti3C2Tx, MXene) electrodes in a three-electrode configuration in 3 
M H2SO4. Clearly, both electrodes are pseudocapacitive, showing exchange of electrons at entirely 
different positive and negative potentials.  
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To test the possibility of combining two electrodes of entirely different chemistries in a 
single device, we conducted CV experiments on a hybrid device composed of phen@rGO and 
Ti3C2Tx, as positive and negative electrode respectively. CV curves of hybrid device (Figure 29c) 
at different scan rates between 5-500 mV/s in 3 M H2SO4 exhibited a pair of redox wave due to 
overlapped redox processes of individual electrodes, centered at ~0.78/0.68 V. Electrochemically, 
such small oxidation and reduction peak separation show facile charge transfer kinetics within an 
asymmetric device.[23] Another feature of charge storage in this configuration is the exceptional 
stability of the redox process. Even at a scan rate of 500 mV/s, the CV curves showed pronounced 
pseudocapacitive behavior, indicating that redox reactions in device are fast and reversible — a 
characteristic feature of pseudocapacitive phenomena.[13] The CV curves have joint characteristics 
of (mostly) faradic and capacitive processes, where former principally comes from change in Ti 
oxidation state of MXene[236] and phenothiazine redox reactions[217] (Figure 25), and later 
originates from rGO sheets within phen@rGO hybrid.  
Unlike capacitive materials which show linear GCD behavior, the asymmetric device 
showed curvy GCD curves at various current densities of 2, 3, 5, 10, and 15 A/g (Figure 29d), an 
indicative of surface redox processes within device.[237] The symmetric GCD curves with 
negligible IR drop at both low and high current densities show fast charge transport kinetics, high 
Coulombic efficiency, and high-power performance of the asymmetric device.[238] We used 
discharge part of the CV curves to calculate the capacitance of the asymmetric device based on the 
total mass of the active materials. At a scan rate of 5 mV/s, the asymmetric device showed 
capacitance of 64 F/g (17.4 Wh/kg). Unlike many reported asymmetric devices, our all-
pseudocapacitive asymmetric device showed high rate performance, obvious from the shallower 
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drop in capacitance at high scan rates.[177,178,235] Even at a scan rate of 500 mV/s, device retained 
~60% of its initial capacitance (Figure 29e).      
The long cycle life of an asymmetric device is critical, and this parameter become crucial 
when device is entirely pseudocapacitive with one electrode being an organic material. For 
instance, many reported asymmetric devices based on a combination of pseudocapacitive and 
capacitive materials showed superior performance at start, however, their high performance 
diminish just after few thousand cycles.[177,178,235] We used CV test to evaluate the cycling stability 
of our pseudocapacitive asymmetric device at a scan rate of 100 mV/s within optimized voltage 
window of 1.4 V in 3 M H2SO4. The device showed over 80% capacitance retention after 30,000 
charge/discharge cycles (Figure 29f), which is one of the highest for any all-pseudocapacitive 
organic-inorganic asymmetric device (Table 3).[177,178,235]  The notable electrochemical 
performance of phen@rGO//Ti3C2Tx can be ascribed to: (1) high pseudocapacitance of both 
positive and negative electrodes contributed to improve the capacitance and rate performance of 
the device, (2) conductive rGO sheets within phen@rGO hybrid in positive electrode and metallic 
conductivity of MXene ensured continues electronic percolation within device, thereby, high 
capacitance, rate performance and long cycle life were guaranteed. (3) high ionic conductivity of 
the 3 M H2SO4 offered high proton mobility which likely promoted redox reactions to achieve 
overall high electrochemical performance in the devices, (4) matched masses of both electrodes 
and their electron exchange at different redox potentials enabled to achieve high voltage window, 
good capacitance and long cycle life. (5) high stability of phenothiazine radical during 
electrochemical operation[233] suppressed the degradation during cycling performance, yielding 
high capacitance retention after notably long cycle life.      
101 
 
Table 3: Comparison of the cycling performance of the phen@rGO asymmetric supercapacitors with reported literature. 
Positive electrode 
Negative 
electrode 
Electrolyte 
Scan rate 
or current 
density 
Cycles 
(retention) 
Ref. 
MnO2/graphene 
FeOOH/ 
graphene/CNTs 
Li2SO4 100 mV/s 1000 (89%) [239] 
rGO/PANI rGO/RuO2 2 M H2SO4 2 A/g 2500 (70%) 
[187] 
MnO2 WO3 PVA/LiClO4 100 mV/s 2000 (85) 
[240] 
PANI nanofibers V2O5 3 M KCl 5 mV/s 2000 (73%) 
[195] 
Mn3O4/rGO Fe2O3/rGO 3 M KOH 1 A/cm3 10000 (83.1%) 
[241] 
H-TiO2@MnO2 H-TiO2@C PVA–LiCl 100 mV/s 5000 (91.2) 
[242] 
sGNS/cWMCNT/PANI aGNS 1 M H2SO4 1 A/g 5000 (91%) 
[196] 
SnO2/CNTs V2O5/CNTs 0.5 M Li2SO4 2 A/g 1200 (96) 
[240] 
PANI/GOs/ MWCNTs aGO/MWCNT 1 M H2SO4 200 mV/s 3000 (89%) 
[197] 
PANI nanotubes MoO3 1 M H2SO4 5 mV/s 700 (70 cycles) 
[161] 
LiMn2O4 PANI/Fe2O3 0.5 M Li2SO4 150 mA /g 1000 (73.3%) 
[198] 
PEDOT@MnO2 C@Fe3O4 PVA/LiCl N/A 800 (80%) 
[199] 
MnO2 
Ti/Fe2O3 
@PEDOT 
PVA/LiCl 100 mV/s 6000 (85.4%) [200] 
MnO2/PPy V2O5/PANI PVA–LiCl 32 mA/cm2 7000 (92%) 
[201] 
MnO2 PEDOT 2 M KNO3 250 mA/g 500 (91%) 
[201] 
V2O5/PEDOT/MnO2 AC 1 M Na2SO4 6 A/g 3000 (93.5%) 
[202] 
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MnO2/rGO Ppy/rGO 2 M LiCl 50 mV/s 2000 (75%) 
[203] 
PPy–cellulose Carbon 2 M NaCl 20 mA/cm2 1000 (23%) [204] 
MnO2@graphene MoS2@GNS PVA–Na2SO4 100 mV/s 5000 (90%) 
[240] 
PEDOT/lignin PEDOT/PAAQ 0.1 m HClO4 1 A/g 10000 (80%) 
[205] 
MnO2/3D graphene V3S4/3D graphene PVA–LiCl 6 mA/cm2 5000 (96.4%) 
[240] 
MnO2/PPy NAC 1 M Na2SO4 5 A/g 5000 (90.6%) 
[206] 
PPy–MWCNT VN–MWCNT 0.5M Na2SO4 N/A 1000 (84.3%) 
[207] 
Co(OH)2/NEMG PPy/rGO 1 M KOH N/A 6000 (60%) 
[208] 
Ni@PPy@MnO2 Ni@MnO2@PPy 0.5 M Na2SO4 100 mV/s 3000 (83.5%) 
[209] 
SnO2/MnO2 SnO2/PPy 1 M Na2SO4 N/A 2000 (80%) 
[210] 
PPy/PMA PEDOT/PTA 0.5 M H2SO4 1 mA 200 (57%) 
[211] 
Phen@rGO Ti3C2Tx 3 M H2SO4 50 mV/s 30000 (80%) Current 
Abbrevations used: PANI = polyaniline, PPy = polypyrrole, PEDOT = poly(3,4-ethylenedioxythiophene) 
MWCNTs = multi-wall carbon nanotubes, GO = graphene oxide,  RuO2 = rutheinum oxide, MoO3 = 
molybdineum trioxide, GNS = graphene nanosheets, NAC = nitrogen doped activated carbon, NEMG = 
nitrogen modified microwave exfoliated graphite oxide, Ti3C2Tx = titanium carbide (MXene), PMA = 
phosphomolybdic acid, PTA = phosphotungstic acid. 
3.2.2.5 Organic radical molecules as potential pseudocapacitive materials 
Recently, stable organic radicals have been explored for energy storage applications.[107,243] 
Organic radical molecules having unpaired electrons (e.g., ·CH3) are short-lived and highly 
reactive. They transform to stable molecules by interacting with other molecules, solvents, and/or 
molecular oxygen. However, it is possible to stabilize organic radical molecules by sterically 
protected structures around the radical centers and/or resonance structures involving the unpaired 
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electrons.[119] The possibility to stabilize radical structures led to a class of stable organic radical 
molecules, and 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) is a good example of this class of 
materials. These radical molecules are being produced in ton level quantities and find applications 
in biomedical field, antioxidants, and as light-stabilizers for plastics.[119] Recently, Nishide et. al, 
reported poly (2,2,6,6- tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA) as a cathode 
material for lithium-ion batteries. PTMA has a TEMPO radical in the repeating unit which offers 
one-electron redox, resulting a comparable capacity to its inorganic counterpart LiCoO2 (140 
mAh/g). [242,244] 
It was shown by Nakahara et. al that radical-based materials can offer high-rate charge 
storage performance.[242] In majority of the radical-based organic materials, TEMPO is the core 
moiety responsible for rapid electron exchange. We tried to understand the redox behavior of the 
core moiety, TEMPO, for pseudocapacitive applications. By understanding the electrochemical 
behavior of this core unit, TEMPO can be further functionalized to tune its capacitance, redox 
potential, rate, and cycle life. To explore, we used rGO electrodes as a substrate to investigate its 
charge storage and transfer behavior. One of the easiest route to explore the redox phenomena of 
an organic molecule is to mix proper amount of the organic material with active electrolyte.[118,245] 
In our case, the active electrolyte was sulfuric acid (H2SO4). We prepared 0.3 M TEMPO solution 
in 1 M H2SO4, and conducted CV tests at ambient conditions. Figure 30 (a, b) shows the CV curve 
of the 0.3 M H2SO4 + TEMPO on rGO electrodes. TEMPO showed reversible redox peaks 
centered at ~0.48/0.55 V (vs. Ag/AgCl), corresponding to conversion of TEMPO (nitroxide) 
radical to oxoammonium cation and hydroxylamine anion during oxidation and reduction CV 
scans, respectively (Figure 30c). [119,243,244] The small peak-to-peak separation of oxidation and 
reduction scan shows fast redox reaction of TEMPO on rGO.[101]  
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Figure 30: (a,b) CV curves of rGO in  0.3 M H2SO4 + TEMPO as an electrolytes showing rapid redox response. (c) 
Charge storage mechanism of radical based organic molecules. 
From figure 30a, it can be seen that when TEMPO is reduced to 0 V, it was unable to fully 
oxidized at reverse CV scan. Moreover, the overall CV curve was also shifted to negative current 
values. These observations explain that TEMPO reacted with protons and chemically converted to 
oxoammonium cation via disproportionation reaction in acidic media, even before storing 
charges.[173] However, when the cut-off potential was set between 0.3 and 0.9 V, the high reversible 
CV scans were produced (Figure 30b). Further investigation on this class of materials is needed, 
however, two key factors need to be considered: (1) functionalization of TEMPO derivatives on 
rGO sheets can provide electronic support needed for charge percolation, which may suppress the 
parasitic reactions of TEMPO, (2) the use of organic electrolytes might be more fruitful, enabling 
expanded voltage window that will ultimately boost the energy density of the device. These 
investigations suggest that organic radical molecules/polymers hold potential for pseudocapacitive 
charge storage, and need to be further explored.    
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3.2.3 Two electron redox organic-based hybrids 
Our upcoming discussion is based on organic molecules, theoretically, capable of exchanging at 
least two-electron/formula unit. We will focus on redox-active organic molecules family called 
quinones which offer rapid two-electron redox on carbon-based materials.  
3.2.3.1 Exploring new quinones for pseudocapacitive charge storage: A case of 
2,5-dimethoxy-1,4-benzoquinone on graphene (DMQ@rGO)5 
Herein, we explored 2,5-dimethoxy-1,4-benzoquinone (DMQ) as a novel organic 
pseudocapacitive active material for supercapacitors. It was only recently used in batteries in its 
poorly conducting pristine form,[123,124] but its potential for supercapacitors has not been explored 
in any form. Here, One-step hydrothermal synthesis yielded hydrogel composed of DMQ and 
reduced graphene oxide (rGO) (DMQ@rGO). Optimized 50-μm thick freestanding binder-free 
electrodes, which were produced by rolling the xerogel, exhibit capacitance in excess of 600 F/g 
and excellent capacitance retention of 99% after 25,000 charge/discharge cycles at 50 mV/s in the 
0.9 V voltage window. Furthermore, density functional theory (DFT) calculations are used to 
understand the charge storage mechanisms, adsorption orientations and binding interactions of the 
DMQ with graphene surface, which provide insight of high capacitance and long cycle life of 
tested organic molecules.   
Figure 31 displays our hydrothermal synthesis procedure, which was chosen because it is 
                                                            
5 This section has been published in Boota, M. et. al, Energy & Environmental Science 9, 2586-2594 (2016) 
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facile, economical, and offers gram-scale synthesis of the material under laboratory 
conditions.[52,55] Self-assembled DMQ containing rGO hydrogel was formed due to hydrophobic 
character and π-π stacking interactions of rGO sheets (Figure 31).[246] It has also been shown that 
defects and oxygen functionalities lead to strong adsorption of quinones on graphene.[247] DMQ in 
the hybrid performed multiple functions: (1) it served as a spacer to avoid sheet aggregation, 
providing channels for ion transport, and (2) it offered redox-active functionalities for reversible 
faradaic processes, which are expected to give high capacitance and, therefore, energy density.  
 
Figure 31: Schematic presentation of synthesis of redox active xerogel. The gel was directly rolled into a film and 
used as an electrode. Below in figure is a demonstration of the interactions and redox charge storage mechanism of 
the DMQ@rGO material. 
3.2.3.2 Porosity, morphology, and surface chemistry of DMQ@rGO hybrids 
The adsorption–desorption isotherms, pore size distributions (PSD) (insets, Figure 32a, b) and 
specific surface area (SSA) were determined by nitrogen sorption experiments (Figure 32a,b). The 
SSA for pristine rGO and DMQ@rGO (1:1) were found to be 344 and 43 m2/g, respectively. The 
sharp decline in the SSA is most likely due to the coverage of rGO sheets with DMQ molecules 
during the hydrothermal reaction. These findings were further corroborated by the PSD analysis 
(Figure 32a, b, insets), where all meso- (3.38 nm) and micropores (1.68 nm) of the rGO surface 
appear occupied by the DMQ molecules, confirming high mass loading of the pseudocapacitive 
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DMQ molecules on conductive rGO sheets. Raman spectra (Figure 32c) of GO, rGO and 
DMQ@rGO (1:1) exhibited shifted D and G bands of graphitic carbon at 1332 and 1601 cm-1, 
respectively. After hydrothermal reduction and incorporation of DMQ, the D band intensity 
decreased and the G band appeared more intense in DMQ@rGO (1:1) spectrum with 
corresponding ID/IG value of 0.94, which may indicate improved graphitic domains or just an 
overlap with C=C vibrations in the spectrum of quinone.[248]  
 
Figure 32: Nitrogen gas sorption isotherms for (a) rGO, and (b) DMQ@rGO (1:1). Insets in (a) and (b) show 
corresponding pore size distributions. (c) Raman spectra of GO, rGO and DMQ@rGO (1:1). 
 The SEM image of rGO sheets (Figure 33a) showed 2D sheet-like morphology. SEM 
image of DMQ@rGO (1:1) hybrid (Figure 33b) showed 3D interconnected porous architecture 
with pore sizes ranging from sub-micrometer to several micrometers. This open structured hybrid 
network with apparent conductive stacked thin pore walls (Figure 33b) may provide better 
accessibility to the electrolyte ions from both sides of the sheets, for rapid charge transport 
throughout the hybrid film. These characteristics are favorable for an energy storage material.[12] 
The TEM images (Figure 33c, d) further display coverage of the rGO sheets by DMQ without any 
apparent agglomeration. The integration of the redox active DMQ on conductive rGO sheets with 
intriguing 3D hierarchical architecture provide a decent starting from electrode architecture point 
of view for high-energy storage.  
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Figure 33: Scanning electron microscopy images of (a) reduced graphene oxide sheets (rGO), and (b) DMQ@rGO 
(1:1). (c, d) Transmission electron micrographs of DMQ@rGO (1:1). Arrows indicate DMQ and rGO sheets. (e) FTIR 
spectra of GO, rGO and DMQ@rGO (1:1). FTIR bands further confirmed the integration of DMQ on rGO sheets. 
The FTIR spectroscopy further confirmed the incorporation of DMQ after hydrothermal 
treatment (Figure 33e). The characteristic bands of quinonic backbone (864 cm-1 and 1263 cm-1) 
and carbonyl groups (1615 cm-1) were clearly observed. The appearance of the new peak at 3062 
cm-1 was observed and ascribed to methylene fragment present on DMQ molecules, thus 
confirming integration of the DMQ on rGO sheets. A shift of quinone vibrations also suggests a 
strong interaction with rGO sheets by π-π stacking interactions. The C—H stretching vibrations 
were also distinguished at 1031 cm-1 and 2933 cm-1. A broad band due to O—H vibrations 
appeared around 3500 cm-1. More importantly, the complete vanishing of the peak at 1717 cm-1 
corresponding to C—O implies that oxygen-based functional groups of pristine GO were reduced 
during the hydrothermal process, consistent with our previous report.[52] 
3.2.3.3 Electrochemical characterizations of DMQ@rGO hybrids 
The CV curves of binder-free rolled DMQ@rGO (1:1) film (Figure 34a) at sweep rates from 5 to 
100 mV/s exhibited broad oxidation and reduction peaks, which were assigned to the proton-
coupled electron transfer reactions of the DMQ (Figure 31). The shape of CV curves further 
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suggests that the DMQ is highly electrochemically active with rapid electron transfer kinetics in 
the DMQ@rGO hybrid, and adds faradaic capacitance to the total capacitance. Good reversibility 
of DMQ’s redox reactions is obvious from the stable CVs at scan rates of 80 and 100 mV/s, 
providing electrochemical evidence about robust integration of the DMQ molecules on conductive 
rGO sheets. However, the contribution of pseudocapacitance decreases with increasing scan rate, 
leading to smaller redox humps at high rates, consistent with other pseudocapacitive 
materials.[17,29,172] 
 
Figure 34: Electrochemical performance of DMQ@rGO electrodes. (a) CVs of the DMQ@rGO (1:1) electrodes at 
different scan rates between 5 and 100 mV/s. (b) CVs showing contribution in capacitance caused by loading of DMQ 
at 100 mV/s. DMQ performance is also compared with HQ loaded rGO sheets (HQ@rGO, 1:1) and pristine rGO 
electrodes. (c) Corresponding discharge plots. Inset shows the charge/discharge cycles at 10 A/g (Faradic efficiency 
= ~100%). (d) Impedance spectra of the rGO and DMQ@rGO (1:1) show negligible semicircle. (e) Rate performance 
of various compositions between 5-100 mV/s, where DMQ@rGO (1:1) exhibits the highest capacitance and rate 
handling. Capacitance and rate performance of HQ@rGO (1:1) electrode is also compared. (f) Capacitance retention 
of DMQ@rGO (1:1) and HQ@rGO (1:1) electrodes in 1 M H2SO4, where former exhibited high capacitance retention 
of 99% and later 80% after 25000 cycles at 50 mV/s, respectively. Inset shows that CVs of the DMQ@rGO (1:1) 
electrodes at 200th and 24000th cycle remained identical confirming high reversibility and stability of redox reactions.  
To examine the composition-dependent charge storage capability, CV of DMQ@rGO (1:1) 
was compared with another member of quinone family, hydroquinone, deposited reduced graphene 
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oxide sheets, HQ@rGO (1:1), and with the pristine rGO electrodes at 100 mV/s (Figure 34b).  The 
CV curve of rGO electrode showed redox behavior due to presence of stable oxygen functionalities 
on the rGO sheets. The CV of the HQ@rGO (1:1) exhibited pronounced redox peaks centered at 
0.3 and 0.4 V due to the proton coupled electron exchange of carbonyl moiety.[93,191] In contrast, 
DMQ@rGO (1:1) electrodes displayed expanded CV compared to HQ@rGO (1:1) and pristine 
rGO electrodes. Furthermore, the area under the curve of the DMQ@rGO (1:1) electrode is almost 
4 times larger than rGO electrode, which qualitatively indicates a higher capacitance of the 
DMQ@rGO (1:1). The stable and reversible CV of DMQ-containing electrodes even at high scan 
rates may stem from the rapid charge percolation due to improved conductivity, 3D hierarchical 
network, and short diffusion paths within DMQ@rGO (1:1) electrodes.  
GCD curves (Figure 34c) of DMQ@rGO (1:1) at 7, 10, 13, 15, and 20 A/g corroborated 
the synergistic interactions of the DMQ and rGO sheets. Opposed to the purely capacitive 
electrodes,[4,54,55] GCD curves exhibited different slopes between 0.9 to 0.6 and 0.6 to 0 V, where 
former is representative of the double layer contribution and the latter is ascribed to the combined 
double layer and faradic contributions of DMQ@rGO. The conductivity and ionic transport of 
tested DMQ@rGO (1:1) electrodes were further probed via impedance spectroscopy. The 
negligible semi-circle in the Nyquist plot (Figure 34d) of DMQ@rGO (1:1) is ascribed to low 
interfacial charge transfer resistance, which confirmed the high conductivity of the rGO sheets 
after DMQ loading. Compared to pristine rGO electrodes, DMQ@rGO  (1:1) exhibited a stronger 
deviation from the vertical line in the low-frequency region indicating slightly higher Warburg 
length/resistance,[249] which may stem from the presence of pseudocapacitive DMQ between 
graphene sheets. 
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To show the effect of DMQ loading on the capacitance, a comparative study was conducted 
by synthesizing various DMQ@rGO compositions and the results were also compared with the 
HQ@rGO (1:1) and pristine rGO electrodes. A strong dependence between the initial DMQ weight 
ratios in the hybrid and the capacitance was observed. Figure 34e shows the effect of varying DMQ 
concentrations on both the capacitance and rate capability of the electrodes at sweep rates between 
5-100 mV/s in a voltage range of 0-0.9 V. Regardless of the initial weight of the DMQ in the 
hybrid, all DMQ-containing electrodes yielded higher capacitance values compared to pristine 
rGO and HQ@rGO (1:1) electrodes. Systematically, we first used GO twice the amount of DMQ 
(2:1) during the hydrothermal reaction to examine the electrochemical activity of the DMQ on 
Table 4: Cycling stability of the DMQ@rGO (1:1) electrode in comparison with the published data for quinone-
containing carbon-based electrodes. 
 
Type of electrode 
material 
Supporting electrolyte 
(1M) 
Retention 
(%) 
Scan rate, current 
density 
Ref. 
TBHQ@gr. H2SO4 92 (800) 1 A/g [252] 
AQ@CFs H2SO4 89 (5000) 20 A/g [253] 
AQ@gr. HCl 77 (10000) 10 A/g [254] 
AT@AC H2SO4 90 (1000) 200 mA/g [255] 
HQ@gr. H2SO4 86 (10000) 10 A/g [256] 
PQ@OLC H2SO4 90 (10000) 200 mV/s [109] 
NQ@OLC H2SO4 92 (10000) 50 mV/s 
[32] 
PQ@AC KOH 80 (1000) 2 A/g [98] 
HQ@AC H2SO4/HQ 65 (4000) 4.42 mA/cm2 [88] 
Catechol/AC H2SO4 75 (10000) 7.5 A/g [97] 
BPA/gr. H2SO4 90 (4000) 1 A/g 
[257] 
DMQ@rGO H2SO4 99 (25000) 50 mV/s 
This 
work 
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rGO sheets. Interestingly, we perceived three times higher capacitance (480 F/g) compared to 
pristine rGO electrodes (160 F/g) at the same scan rate of 5 mV/s. By equalizing the weights of 
the DMQ and GO (1:1), a maximum capacitance of 650 F/g was achieved at 5 mV/s (Figure 34e). 
This capacitance is 4 times that of the pristine rGO and 2.6 times higher than HQ@rGO (1:1) 
electrodes. Furthermore, DMQ@rGO (1:1) electrodes yielded good packing density of 1.2 g/cm3, 
which led to an excellent volumetric capacitance of 780 F/cm3, which is more than three times 
higher than the activated carbon electrodes and almost two times higher than the highest reported 
volumetric capacitances of graphene and graphene/carbon nanotube hybrid.[250,251] 
A sharp decline in capacitance (335 F/g at 5 mV/s) was observed when the weight ratios 
of the DMQ and rGO were 2:1 prior to the hydrothermal treatment. The decline in capacitance 
upon using high initial concentration of DMQ is most likely due to longer diffusion pathways, 
higher electrode resistance, and the formation of aggregates of poorly conducting DMQ. 
Nevertheless, our comparative investigation reveals that DMQ@rGO (1:1) electrodes yielded both 
high capacitance and a better rate handling across all the tested sweep rates. When compared with 
the previous literature on quinone/carbon hybrids, the capacitance values of DMQ@rGO (1:1) 
were much higher than several previously reported quinone-containing pseudocapacitive 
electrodes,[32,97,109,225,255,258–260] such as, anthraquinone,[225,258,259] catechol,[97] 9,10-
phenanthrenequinones,[109] 1,4,9,10-anthracenetetraone,[255] 1,4-naphthoquinone,[32] 4,5-
pyrenedione,[32] chloroanthraquinone,[260] and p-benzoquinone.[88] More information is given in 
table 4. Of course, further optimization of the electrode composition can be conducted in the future.  
The high capacitance of the DMQ@rGO (1:1) electrodes is due to synergistic contributions 
of both DMQ and rGO. For instance, quinone-based molecules generally form radical anions 
during the redox processes, which tend to decompose through dimerization, disproportionation, 
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and/or reactions with the solvent molecules. However, unlike other quinone 
structures,[32,97,106,109,225,255,258–261]  the DMQ’s molecular skeleton is highly stable due to presence 
of the methoxy groups at 2,5-positions of the quinone ring, which serve as protecting groups.[123] 
This substituent steric effect stabilizes the radical anions of the DMQ molecules on conductive 
rGO sheets, thus, leading to stable CVs at high scan rates (Figure 34a, b), high capacitance (Figure 
34e) and long cycle life (Figure 34f). In addition, electrochemical activity of the methoxy groups 
is also known.[262] The presence of the methoxy groups at 2, 5-positions of DMQ also most likely 
contributed to the total capacitance of the hybrid. Furthermore, DFT calculations have shown that 
the spin density of the DMQ’s radical anions is widely distributed over the molecules, which 
suppresses the parasitic reactions of the radical anion with the solution and stabilizes the DMQ 
molecule during charge/discharge processes.[123] The other factors which assisted in improving the 
electrochemical performance are the interconnected porous architecture and high conductivity of 
rGO sheets, which allowed electrolyte ions to penetrate from both sides of the sheets and are less 
prone to blocking the pores, opposed to high surface area disordered carbons.[97,260] Our results 
reveal that the right selection of both the substrate and the electrochemically stable electroactive 
molecules is crucial to achieve the high energy and power density pseudocapacitive electrodes. 
 Low conductivity and degradation of the organic molecules during cycling often lead to 
poor cyclability, which remains the key problem for the electrochemically active organic materials, 
limiting their implementation in commercial devices. Table 4 summarizes and compares the 
cycling performance of DMQ@rGO (1:1) electrode with various quinone molecules-containing 
hybrids with several types of carbons. No matter what type of carbon was used as a substrate, all 
hybrids showed decline in capacitance after moderate cycling. Figure 34f shows that our 
DMQ@rGO (1:1) exhibited negligible capacitance loss after 25,000 cycles at a scan rate of 50 
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mV/s, outperforming previously reported quinones or CP-containing electrodes (Table 
4).[32,97,109,225,255,258–260,263] The high capacitance retention of the DMQ@rGO (1:1) electrodes may 
be ascribed to: (1) 3D hierarchical architecture of homogeneously dispersed DMQ on graphene 
that provided continuous conductive pathways for the rapid redox reactions (Figure 33b). 
Furthermore, DMQ also served as a spacer to minimize the rGO sheet aggregation and probably 
decreased electrode expansion/contraction during charging/discharging (a dilatometric study is 
needed to confirm this assumption),[264] (2) strong π–π interactions between DMQ molecules with 
the basal plane of the conductive rGO sheets enhanced the electronic percolation during 
charge/discharge processes, which remained favorable for capacitance retention,[32,247] (3) 
peripheral methoxy groups present at 2, 5-positions of the DMQ protected the carbonyl radical 
intermediate of the DMQ, which shielded DMQ from degradation upon cycling,[123] and (4) rGO 
sheets in the hybrid significantly enhanced the mechanical stability and conductivity, which 
ensured continuous electronic channels for stable electrochemical performance. Thus, 
DMQ@rGO has shown promise as a pseudocapacitive material having high capacitance and long 
cycle life. 
3.2.3.4 Charge storage mechanism of DMQ@rGO hybrids by DFT 
calculations6 
We used DFT calculations to further probe the charge storage mechanism, including the preferred 
adsorption orientations of the quinone derivatives on the graphene sheets, and the analysis of the 
role of density of states in charge storage mechanisms. We first calculated the binding energies in 
various orientations to understand the adsorption of organic molecules (DMQ and HQ) on 
                                                            
6 Simulation help was offered by Chi Chen (Drexel University) 
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graphene sheets during charge storage (Figure 35).  The calculated binding energies are defined as 
follows and mentioned below each DFT-optimized geometry.  
 
Figure 35: Density functional theory, DFT-optimized geometries of DMQ and HQ on graphene surface. 
Eb = Egraphene+molecule – (Egraphene + Emolecule) 
Here Egraphene+molecule is the total energy of graphene with an adsorbed DMQ or HQ, Egraphene is the 
total energy of graphene, and Emolecule is the total energy of DMQ or HQ. From binding energy 
calculations, we conclude that the most stable adsorption orientation is when DMQ and HQ 
molecules are parallel to the surface of graphene in stacked site, with the highest binding energy 
of −1.36 eV and −1.01 eV, respectively, which suggest that charge transfer most likely occurs via 
π-π stacking interactions. When we compared the highest binding energies of both systems, it 
turned out that DMQ@graphene has 1.35 times higher binding energy, which explains more stable 
cycling performance of the DMQ-containing hybrid compared to its counterpart (HQ@rGO). 
As a next step, we tried to figure out the origin of the larger interaction for DMQ molecules 
on graphene surface. To accomplish this task, we calculated the charge density differences of two 
most stable configurations (Figure 36a). It could be seen that there is larger charge re-distribution 
on graphene caused by DMQ. Furthermore, there are more negative and positive centers on DMQ 
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due to oxygen atoms and methoxy groups of DMQ as shown in Figure 36a, which could lead to 
larger electrostatic interaction between DMQ and graphene. This further supports that, in addition 
to carbonyl moiety, methoxy groups of DMQ also contribute in electrochemical process. 
Moreover, greater charge distribution of DMQ molecules on graphene sheet may have suppressed 
parasitic reactions during charge/discharge, and provided high capacitance and excellent cycling 
performance. Therefore, our theoretical results confirmed that DMQ offer strong adhesion to the 
graphene surface with greater charge redistribution, which resulted in long cycle life.   
 
Figure 36: (a) Difference of charge density for DMQ@graphene and HQ@graphene in stacked sites. Turquoise and 
yellow regions indicate depletion and accumulation of electrons, respectively. (b) Total density of states (DOS) for 
pristine graphene, DMQ@graphene and HQ@geaphene; partial density of states (PDOS) for O in carbonyl groups on 
DMQ@graphene and HQ@geaphene. 
In addition, the total density of states (DOS) for pristine graphene, DMQ@graphene and 
HQ@geaphene are calculated, as well as partial density of states (PDOS) for ‘O’ in carbonyl 
groups on DMQ@graphene and HQ@geaphene (Figure 36b). From total DOS, there are extra 
peaks above Fermi level after adsorption by DMQ or HQ. These empty bands will give more 
capacitance to store charges. Comparing with PDOS, we could know that these peaks come from 
O-2p orbitals in carbonyl groups. This suggests that the pseudocapacitance mainly originates from 
the carbonyl groups of hybrids, consistent with proposed mechanism (Figure 31).  
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3.2.3.5 Quinone-MXene all-pseudocapacitive asymmetric energy storage 
devices 
Another challenge for redox-active quinone molecules is finding a matching pseudocapacitive 
negative electrode in an aqueous asymmetric cell. Quinones (e.g., DMQ, HQ) yield optimum 
pseudocapacitance in protic electrolytes (e.g., H2SO4) at high positive potentials. By contrast, 
carbon-based electrodes, oxides, and CP mostly show hydrogen evolution at modest negative 
potentials in acidic media. Therefore, finding a negative electrode with a comparably high 
capacitance in acidic electrolytes is still a challenge for quinone molecules (see recent 
ref.[179,180,234]). If a suitable pseudocapacitive negative electrode that could work in acidic 
electrolytes becomes available, this breakthrough will enable wide variety of quinone compounds 
to be used in all-pseudocapacitive aqueous asymmetric supercapacitors. Here we show that 
Ti3C2Tx MXene can perform this function. By pairing Ti3C2Tx MXene with another previously 
unexplored quinone namely 2,5-dihydroxy-1,4-benzoquinone (DBQ) having hydroxy protecting 
groups like DMQ, we show a concept of manufacturing quinone-MXene all-pseudocapacitive 
asymmetric devices that can work beyond 1 V in low pH electrolyte.  
3.2.3.6 Concept of all-pseudocapacitive quinone-MXene asymmetric devices  
Redox-activity of a material is voltage as well as pH dependent. For instance, quinones show high 
pseudocapacitance at high positive potentials, however, Ti3C2Tx shows high pseudocapacitance at 
negative potentials, both in 3 M H2SO4. This is a unique combination of materials which show 
high pseudocapacitance at entirely different potentials in same electrolyte. So far, most of the work 
has focused on improving the quinones performance at positive potentials and MXene 
performance at negative potentials in a three-electrode configuration and finding the correct 
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pseudocapacitive combination with a suitable quinone and matching negative electrode is scarcely 
reported.[23]  
  
Figure 37: Concept of organic-inorganic all-pseudocapacitive asymmetric device. (a) schematic representation of the 
organic-inorganic asymmetric supercapacitor. (b) CVs of the DBQ@rGO electrode and Ti3C2Tx at 2 mV/s in 3 M 
H2SO4, showing rapid electron exchange. 
Figure 37a shows our concept of all pseudocapacitive organic-inorganic asymmetric device 
in which the free-standing Ti3C2Tx film serves as a negative electrode and DBQ@rGO is used as 
a positive electrode in 3 M H2SO4. To the best of our knowledge, such combination has never been 
reported in literature. In principle, any redox-active quinone molecule which is stable in acidic 
electrolytes can be used as a positive electrode, creating a large opportunity to manufacture all-
pseudocapacitive aqueous asymmetric supercapacitors. Figure 37b displays CVs of each 
individual electrode (DBQ@rGO and Ti3C2Tx) in a three-electrode setup (2 mV/s, 3 M H2SO4) 
within the target potential range (1.4 V) of an asymmetric cell.  Electrochemically, both positive 
and negative electrodes showed a pronounced pseudocapacitive character with a minimum voltage 
separation, demonstrating rapid charge transfer kinetics, and highly reversible redox processes for 
the individual electrodes.[265] 
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3.2.3.7 Nanoscale design of 2,5-dihydroxy-1,4-benzoquinone on graphene 
(positive electrode) 
We used a single step hydrothermal method (180 °C, 16 h) to simultaneously reduce graphene 
oxide (GO) and to graft DBQ on rGO sheets. The hydrothermal method led to non-covalent 
deposition of the DBQ on rGO sheets (DBQ@rGO), and did not require tedious synthesis 
protocols, while at the same time, preserved the conductivity of the graphene sheets that is essential 
for the electrochemical processes. Under the above mentioned hydrothermal conditions, DBQ 
molecules formed a 3D hydrogel network, which turned to xerogel upon room temperature drying 
(Figure 38a). These gels were directly rolled to prepare binder-free DBQ@rGO electrodes. 
Various DBQ to GO ratios, such as 1:2, 1:1 2:1 and 3:1, were produced by varying the initial 
weight of the DBQ before the hydrothermal reaction. All forthcoming discussion is based on our 
optimized DBQ to GO 1:1 composition, unless mentioned explicitly. 
   The cross-sectional SEM image (Figure 38a) of the DBQ@rGO film shows the densely 
packed layered structure, in which DBQ molecules are likely confined between rGO sheets.  The 
low-magnification SEM image of the DBQ@rGO (Figure 38b) shows that the as-produced 
DBQ@rGO hybrid exhibited a 3D interconnected network with a crumpled texture. This 3D 
porous architecture that can easily fill with electrolyte, results in improved ionic transport kinetics 
by minimizing diffusion pathways. Apparently, DBQ@rGO contains a porous network with 
vertical thin pore walls that can be accessible to the ions and electrons from both sides of the sheet. 
Besides, the conductive rGO scaffold offered an electrical connection to poorly conducting DBQ 
particles and offered continuous electron percolation pathways throughout the entire electrode 
area. A TEM image (Figure 38c) further confirmed that DBQ is integrated on the rGO sheets. 
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Electrodes with these architectures are typically needed to obtain high capacitance, rate 
performance and long cycle life of energy storage devices .[8,94,226] 
The FTIR spectra (Figure 38d) further corroborate the functionalization and interaction of 
the DBQ with rGO sheets. GO showed bands at ~3294, 1724, 1625, 1378, 1226, 1047 and 967 cm-
1 which correspond to O–H vibrations, C=O stretching, aromatic C=C stretching, carboxyl O=C–
O vibrations, C–O stretching vibrations of phenols, and C–O vibrations from ether, epoxy, or 
peroxide functional groups, respectively.[52] In the case of rGO, most of the peaks associated with 
oxygenated groups are either minimized or have vanished. Moreover, the peaks at 1150 and 1548 
cm-1 are assigned to sp2 hybridized C=C skeletal vibrations of rGO, confirming GO 
reduction.[228,229] The DBQ@rGO spectrum showed a combination of the DBQ, GO and rGO 
bonds. Unlike in the GO and rGO spectra, the peaks in DBQ@rGO appeared broad and stretched, 
confirming that DBQ is attached to the rGO through a charge-transfer interaction between the 
DBQ and rGO sheets.[232]  
Porosity analysis (Figure 38e), using nitrogen sorption, shows the presence of 
mesoporosity in both pristine rGO and DBQ@rGO. The SSA of the rGO was 496 m2/g, which 
was reduced to 382 m2/g for DBQ@rGO (Figure 38e, inset). This decrease in the SSA is due to 
DBQ functionalization, which filled some pores. Most of the rGO pores were mesopores, which 
remained the same after DBQ functionalization except the ones at 3.33 and 4.34 nm which are 
replaced by a single new peak at 3.81 nm. Moreover, the micropore volume of the rGO sheets 
decreased, confirming that the DBQ occupied micro and mesopores. Nevertheless, 
functionalization by DBQ molecules kept the mixed porosity and did not strongly decrease the 
SSA of the rGO sheets.  
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Figure 38: Synthesis strategy of DBQ@rGO and characterizations. (a) Synthesis strategy of DBQ@rGO gel, which 
was directly rolled to prepare binder-free electrodes, and a cross-sectional scanning electron microscope (SEM) image 
of DBQ@rGO film. (b) SEM image of DBQ@rGO showing macroporous architecture of the DBQ@rGO. (c) TEM 
image showing integration of DBQ on rGO sheet. (d) FTIR spectra of DBQ, GO, rGO and DBQ@rGO confirmed 
presence and interaction of DBQ with rGO sheets. (e) Pore-size distribution of rGO and DBQ@rGO. The inset in e 
compares the surface area of both materials. (f) XRD patterns of DBQ, GO, rGO and DBQ@rGO. The inset in f 
magnifies the rGO and DBQ@rGO peaks. (g) Thermogravimetric (TGA) curves of GO, rGO, and DBQ@rGO.  
XRD patterns of the DBQ, GO, rGO and DBQ@rGO are shown in Figure 38f. DBQ 
showed sharp bands, like other quinones.[118] A sharp peak at 12.7° for GO shifted to 23.7°, 
confirming reduction of GO to rGO. The diffraction pattern of DBQ@rGO appeared sharp and 
shifted from 23.7° (rGO) to 26° (Figure 38f, inset) due to the shrinking of the interspace between 
the sheets, presumably due to confinement of DBQ molecules between rGO sheets. The 
confinement of DBQ molecules may lead to an improved electrochemical cycling performance. 
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The content of the DBQ was measured by TGA (Figure 38g), and found to be ~8% in the hybrid 
film.     
3.2.3.8 Electrochemical performance of 2,5-dihydroxy-1,4-benzoquinone-based 
hybrids 
We assessed the charge storage performance of DBQ@rGO using cyclic voltammetry (CV) in a 
three-electrode setup at various sweep rates between 2-10,000 mV/s (Figure 39). The thickness, 
mass loading, and density of the tested films were ~20 µm, 3.22 mg/cm2, and 1.61 g/cm3, 
respectively. The high density of the rolled electrodes is due to high density of DBQ molecules 
(1.843 g/cm3). A protic electrolyte (3 M H2SO4) was chosen because  it (1) promotes redox 
reactions of the carbonyl functionality, (2) offers high ionic conductivity, and (3) offers fast 
kinetics being the smallest cation.[23,73] We selected a voltage window of 0.8 V for these tests to 
avoid contributions to capacitance from parasitic reactions.  
The sweep rate dependence of electrochemical activity of DBQ@rGO (Figure 40a) film 
revealed two pairs of redox waves at potentials of 0.3 and 0.42 V, corresponding to two-electron 
redox for each DBQ moiety. The fact that a small peak-to-peak potential separation was observed 
at lower scan rates implies redox reactions of DBQ are pseudocapacitive – rapid and highly 
reversible.[13] At higher scan rates, above 20 mV/s (corresponding C-rate, 90 C)[266], in addition to 
smaller redox humps, the anodic and cathodic peak separation increases, which could be a result 
of proton transport limitations, a common attribute of pseudocapacitive electrodes.  
To demonstrate DBQ’s electrochemical contributions, CVs of DBQ@rGO and pristine 
rGO (Figure 40b) were compared at 2 mV/s (0-0.8 V). Apparently, rGO showed a quasirectangular 
CV associated with primarily double-layer charge storage (flat ends), and small redox humps 
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centered at ~0.5/0.47 V due to stable oxygen groups on the rGO sheets. By contrast, the CV of 
DBQ@rGO exhibited two sets of pronounced redox peaks centered at ~0.29/0.3 V (1, 1’) and 
0.47/0.4 V (2, 2’), indicating rapid redox reactions of DBQ within the hybrid film. Furthermore, 
DBQ@rGO showed a nearly 4 times expanded CV, indicating a much higher capacitance for 
DBQ@rGO electrodes. These results show that pseudocapacitive charge storage is pronounced in 
the DBQ@rGO electrodes along with slight capacitive contributions from the rGO, obvious from 
the flat ends of the CV curve.   
 
Figure 39: Semi-logarithmic plot of high rate electrochemical performance of tested DBQ@rGO compositions. 
The prominent redox contributions of DBQ are further obvious from the GCD curves 
shown at various current densities between 10 to 30 A/g (Figure 40c). Unlike carbon materials,[4] 
DBQ@rGO exhibited two distinct voltage curves between 0.8 to 0.5 V and 0.5 to 0 V, showing 
pseudocapacitive character.[56] The symmetric GCD curves across all current densities showed a 
high coulombic efficiency (~100%) with negligible IR drop, emphasizing again high conductivity 
of rGO and high equilibrium of DBQ redox processes. The fact that GCD curves are symmetric 
even at high current densities indicates good ion accessibility due to the interconnected porous 
124 
 
electrode architecture and improved electron percolation due to the conductive rGO scaffold, 
resulting in high-rate electrochemical performance of the DBQ@rGO electrode.       
 
Figure 40: Electrochemical performance of DBQ@rGO positive electrodes. (a) CVs of the DBQ@rGO electrodes at 
various scan rates in 3 M H2SO4. (b) CVs at 2 mV/s showing a capacitance comparison of DBQ functionalized rGO 
and its pristine counterpart. (c) Galvanostatic charging/discharging curves at various current densities. (d) Impedance 
spectra of rGO and DBQ@rGO, showing a negligible semicircle. Inset in d magnifies the high frequency region of 
the Nyquist plot. (e) Rate performance of various compositions between 2 and 100 mV s−1. (f) Cycling performance 
of different compositions of DBQ@rGO showing capacitance retention of DBQ@rGO electrodes. 
Insights into ion migration and electrical conductivity were obtained by electrochemical 
impedance spectroscopy. Nyquist plots (Figure 40d) confirmed that both pristine rGO and 
DBQ@rGO electrodes exhibited low interfacial resistance and negligible semicircles, indicating 
that deposition of DBQ did not deteriorate the electronic conductivity of the rGO sheets. This 
further can be attributed to better connectivity and accessibility across the entire electrode 
architecture, resulting in efficient charge transfer at the electrode-electrolyte interface. At low 
frequencies, DBQ@rGO showed deviation from a vertical line and slightly higher Warburg 
resistance, presumably due to the DBQ, confirming the pseudocapacitive character of DBQ@rGO 
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electrodes.[237] It is important to mention that impedance values usually become slightly higher 
when we replace platinum current collector with glassy carbon.   
We performed a comparative study to optimize DBQ@rGO electrodes and to show the 
effect of DBQ loading on charge storage performance. This was accomplished by varying the DBQ 
mass before the hydrothermal reaction. Figure 40e shows the rate performance of investigated 
compositions, and results are also compared with those of pristine rGO electrodes. Independent of 
the initial amount of DBQ, all compositions showed an improved capacitance compared to rGO 
alone. Systematically, we first introduced twice the amount (wt. %) of GO to the amount of DBQ 
(1:2), and the perceived capacitance at 2 mV/s was 348 F/g, which is 2.5 times higher than bare 
rGO (135 F/g). Similarly, further improvement in capacitance (412 F/g) was noticed when the 
DBQ and GO masses were equalized (1:1), and further improved to 503 F/g when DBQ was twice 
that of GO (2:1). This capacitance is 3.7 times that of pristine rGO electrodes, and much higher 
than several reported organics (Table 5). When the DBQ amount was further increased, a sharp 
decline in capacitance was noticed (396 F/g, 2mV/s), presumably due to excessive amount of 
poorly conductive DBQ. Aside from gravimetric capacitance, DBQ-containing electrodes also 
showed impressive volumetric capacitance, which is a crucial parameter for space-sensitive 
applications.[267] DBQ@rGO films exhibited a good packing density of 1.61 g/cm3, resulting in 
remarkable volumetric capacitance of 809 F/cm3, which is much higher than the highest reported 
carbon based EDLC in aqueous electrolytes.[267] Across all scan rates (2-100 mV/s), the 2:1 
composition exhibited the highest capacitance and rate handling (80%). As the scan rate was 
increased from 2 to 100 mV/s, the electrodes having DBQ to rGO initial weight ratios of 1:1, 2:1, 
and 3:1 demonstrated high capacitance retention of 74, 80, and 75 %, respectively, much higher 
than many reported pseudocapacitive electrodes.[98,99,255,268] 
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Previously, organic molecules were mostly studied at low scan rates due to their mediocre 
rate performance.[33,172,269] Yet, their charge storage performance above 100 mV/s stayed largely 
unexplored. Here, we examined the limits of pseudocapacitive rate performance of organic 
materials using DBQ@rGO hybrid up to 10 V/s. It appeared that even at a scan rate of 10 V/s 
(Figure 39), the 2:1 ratio electrode kept a capacitance of 83 F/g (133 F/cm3). To the best of our 
knowledge, such high rate charge storage performance has never been reported for any discrete 
organic molecule. Opposed to the earlier notion, these results show that organic molecules are also 
capable to store charges at high rates. The high capacitance and rate capability of DBQ@rGO 
electrodes can be ascribed to several factors: (1) synergistic contributions of both DBQ and rGO, 
(2) porous electrode architecture (Figure 38b) that reduced diffusion pathways, thus offering rapid 
ionic transport, (3) high conductivity of the rGO enhanced electron transport across the entire 
electrode, and (4) binder and additive-free electrodes allowed efficient use of active material.  
 To test the cyclability of the DBQ-containing electrodes, three electrodes of varying DBQ 
to GO compositions (1:1, 2:1, and 3:1) were first cycled up to 25,000 times (100 mV/s), resulting 
capacitance retentions of 93, 82 and 83%, respectively. The electrodes with the lowest capacitance 
fade were further cycled up to 100,000 cycles, showing a remarkable capacitance retention of 83%, 
which is the highest reported for quinone-based organics to date, and one of the highest for any 
redox-active organic molecule in an electrode (Table 5). It is generally believed that the release of 
physisorbed organic molecules leads to capacitance decay upon cycling. However, when we 
compared CV scans at the 1000th and 100,000th cycles, it appeared that the shape of the CVs 
remained nearly the same (high reversibility of redox reactions), but with shifted potentials (Figure 
41). This shift in potential leads to incomplete redox-activity of the DBQ molecules during the 
oxidation scan, resulting in 17% loss in capacitance after 100,000 cycles. The incomplete redox of 
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the DBQ after long cycle life is likely due to nucleophilic addition reaction on activated carbonyl 
functionality of the quinones.[99] Nevertheless, DBQ not only outperformed redox-active organics 
in cycling performance but also a large array of metal oxides and CP, showing potential for 
pseudocapacitive energy storage.[17,83] 
Clearly, testing of DBQ@rGO of varying compositions displayed a trade-off between the 
capacitance and cyclability. For instance, DBQ@rGO (2:1) showed high capacitance and better 
rate handling across all the sweep rates. However, such high capacitance does not translate into 
impressive cycling performance due to voltage-driven degradation of excessive DBQ, presumably, 
through chemical reactions (e.g., disproportionation, dimerization, etc.) with solvent ions.[100] 
Generally, excessive organic loadings on rGO or other conductive substrates leads to poor cycle 
life and deteriorates rate handling ability. While DBQ@rGO (3:1) showed a lower capacitance 
(Figure 39), it had capacitance retention and rate performance quite like the DBQ@rGO (2:1). It 
is most likely due to stacking of DBQ monomers that give additional diffusion pathways for 
protons, promoting charge percolation within the electrode.[269] Nevertheless, DBQ@rGO (1:1) 
outperformed previously reported redox-active organic molecules in terms of capacitance 
retention, exhibiting high gravimetric as well as outstanding volumetric capacitance and rate 
handling. Although the other two compositions showed less than 20% decline in capacitance after 
25,000 cycles, yet their retention values are among the highest when compared with the earlier 
literature (Table 5).  
 
128 
 
Table 5: Performance comparison of DBQ@rGO with the reported literature. 
Type of hybrid material 
Supporting 
electrolyte 
Retention (%, Scan Rate/ 
current density) 
Capacitance (F/g) Ref. 
TBHQ@gr. H2SO4 92 (800, 1 A/g) 302 (0.25 A/g) [252] 
PAQS/GSs H2SO4 98 (500, 0.5 A/g) 349 (0.5 A/g) [270] 
AQ@CFs H2SO4 89 (5000, 20 A/g) 347 (2 A/g) [253] 
AQ@gr. HCl 77 (10000, 10 A/g) 191 (2 mV/s) [254] 
AQ@NHC H2SO4 81 (5000, 10 A/g) 331 (1 A/g) [271] 
TCBQ@NHC H2SO4 96 (5000, 10 A/g) 365 (1 A/g) [271] 
AQ@GF H2SO4 97 (2000, 10 A/g) 396 (1 A/g) [259] 
THPh@carbon H2SO4 69 (5000, 1 A/g) 180 C/g (1 A/g) [99] 
AT@AC H2SO4 90 (1000, 200 mA/g) 260 (10 mV/s) [255] 
AZ@SGHs H2SO4 88 (1000, 5 A/g) 350 (1 A/g) [223] 
HQ@gr. H2SO4 86 (10000, 10 A/g) 441 (1 A/g) [256] 
PQ@OLC H2SO4 90 (10000, 200 mV/s) 288 (10 mV/s) [109] 
NQ@OLC H2SO4 92 (10000, 50 mV/s) 267 (5mV/s) [32] 
PQ@AC KOH 80 (1000, 2 A/g) 257 (10 mV/s) [98] 
SAC@rGO H2SO4 72 (5000, 3.8 A/g) 366 (1.2 A/g) [272] 
Catechol/AC H2SO4 75 (10000, 7.5 A/g) 250 (2 mV/s) [97] 
BPA/gr. H2SO4 90 (4000, 1 A/g) 466 (1 A/g) [257] 
p(Nor)@rGO H2SO4 81 (2000, 200 mV/s) 232 (10 mV/s) [268] 
TN@NPCs, H2SO4 N/A 392 (1 A/g) [224] 
AQ@NPC H2SO4 N/A 373 (1 A/g) [224] 
Catechol@rGO HClO4 96 (10000, 2 A/g) 188 (1 A/g) [273] 
BQ@AC H2SO4 94 (1000, 800 mA/g) 210 (10 mV/s) [274] 
AQDS@rGO H2SO4/PVA 82 (10000, 10 A/g) 398 (1 A/g) [275] 
HBU@AC HCl 97 (1000, 100 mV/s) 130 (100 mV/s) [276] 
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The high electrochemical performance of DBQ@rGO can be ascribed to (1) the binder-
free 3D porous architecture which minimized the diffusion pathways and allowed efficient ion and 
electron transport across the entire electrode; (2) high electronic conductivity and mixed porosity 
of the rGO which ensured accessibility of protons and electrons to DBQ molecules from both sides 
of the 2D sheets; (3) the DBQ molecules on both sides of the sheets hampered the sheets restacking, 
which provided high accessible surface area for charge percolation, enabling high rate and 
cyclability; (4) rGO sheets served as confinement reservoirs for the DBQ molecules via hydrogen 
bond formation between hydroxyl groups of DBQ and stable oxygenated groups of rGO, which 
suppressed the dissolution of the DBQ, resulting in stable electrochemical cycling; and (5)  
hydrothermally induced π–π interactions between DBQ and rGO promoted electronic percolation 
DCBQ@KB H2SO4 70 (10000, 1 A/g) 240 (50 mA/g) [277] 
BO@G H2SO4 100 (2000, 100 mV/s) 296 (0.8 A/g) [278] 
BI@G H2SO4 85 (2000, 100 mV/s) 367 (0.8 A/g) [278] 
BQ@MnO2 Ca(NO3)2 83 (2000, 0.5 mA/cm2) 
320 (0.5 mA 
/cm2) 
[279] 
PhQH2@AC HCl 97 (1000, 100 mV/s) 216 (100 mV/s) [280] 
KB–PAQ LiClO4/AN 85 (1000, N/A) 350 (5 mV/s) [281] 
Catechol@PPy HClO4 75 (10000, 2 A/cm3) 385  (0.4 A/cm3) [282] 
DBQ@rGO (1:1) H2SO4 83 (100000, 100 mV/s) 412, (2 mV/s) This 
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DBQ@rGO (2:1) H2SO4 80.83 (250000, 100 mV/s) 503, (2 mV/s) 
DBQ@rGO (3:1) H2SO4 83 (25000, 100 mV/s) 396, (2 mV/s) 
Description of abbreviations: TBHQ: Tert-butylhydroquinone, PAQS: Poly(anthraquinonyl sulfide), AQ: 
Anthraquinone, TCBQ: Tetrachlorobenzoquinone, THPh: Tetrahydroxyphenazine, AT: 1,4,9,10-
anthracenetetraone, AZ: Alizarin, HQ: Hydroquinone, PQ: 9,10-phenanthrenequinones, NQ: 1,4-
naphthoquinone, BO: Benzoxazole, BI:  SAC: Sulfanilic acid azocromotrop, BQ: Benzoquinone, BPA: 
Bisphenol A, p(Nor): Poly(norepinephrine), TN: 1, 4-naphthoquinone (NQ) and tetrachlorobenzoquinone, DBQ: 
2,5-Dihydroxy-1,4-benzoquinone, rGO: reduced graphene oxide, PPy: polypyrrole, NPC: Nitrogen-doped 
porous carbons, AC: Activated carbon, OLC: onion-like carbons, NHC: Nitrogen-doped heterostructure carbon, 
CFs: carbon fibers, GSs: graphene sheets. DCBQ: 2,5-dichloro-1,4-benzoquinone. KB: Ketjen black, PhQH2: 
1,4-dihydoxynaphthalene, HBU: 2,5-bis((2-(1H-indol-3-yl)ethyl)amino)cyclohexa 2,5-diene- 
1,4-dione 
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for the rapid redox reactions, which favored capacitance retention. Opposed to earlier 
understanding, our results show that organic molecules can deliver both high rate and remarkable 
cycle life. However, the correct choice of the redox-active molecules, conductive substrate, 
electrode architecture and composition is crucial for manufacturing organic-based 
pseudocapacitive electrodes with high electrochemical performance.  
 
Figure 41: CVs of the DBQ@rGO electrodes at the 1000 and 100,000 cycles remained identical in shape with shifted 
redox potentials after long cycling.  
3.2.3.9 Charge storage mechanism of DBQ@rGO by DFT calculations 
To understand the charge storage mechanism, the interaction of DBQ with the graphene surface 
(DBQ@G), the preferred molecular orientations, and density of states were probed using density 
functional theory (DFT) calculations. First, we calculated binding energies (BEs) of DBQ on 
graphene sheets with different orientations. The calculated BEs of each orientation are mentioned 
with optimized geometries of DBQ@G (Figure 42, 43a). We calculated the BEs using the 
following formula:  
EBE = Egraphene+DBQ – (Egraphene + EDBQ) 
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Figure 42: DFT-optimized configurations of DBQ on graphene surface. The binding energies are mentioned below 
each configuration. 
Here, Egraphene+DBQ is the total energy of graphene with adsorbed DBQ, Egraphene is the total energy 
of graphene, and EDBQ is the total energy of DBQ molecules. Apparently, DBQ showed the 
strongest adsorption on graphene sheets when DBQ molecules were parallel to the graphene with 
the lowest binding energy of -1.06 eV (Figure 42, 43a), ascribed to π–π stacking interactions. When 
another rGO sheet would tend to stack with the DBQ functionalized rGO sheet, it would confine 
the DBQ molecules between two rGO sheets. Such molecular confinement of DBQ prevents DBQ 
degradation, minimizes rGO restacking, and leads to prolonged cycling performance of the 
DBQ@rGO electrodes due to shortened charge transport length across the entire interface. 
To further understand the mechanism of cyclability of the electrodes, we calculated the 
difference of charge density for the most stabilize DBQ@graphene configuration (Figure 43b). 
Apparently, DBQ molecules showed a large charge redistribution on the graphene surface leading 
to strong interactions between graphene and DBQ, resulting high electrochemical stability of 
hybrid for long cycling. It is also obvious that hydroxyl groups on both sides of the DBQ molecules 
induce interactions, showing their electrochemical contributions during electrochemical operation. 
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The greater charge redistribution on the graphene surface likely suppressed the parasitic reactions 
of the DBQ during operation, minimized the charge transfer resistance, and led to high 
electrochemical stability for long cycling. Total density of states (DOS) of DBQ@graphene 
(Figure 43c) further showed an additional peak above the Fermi level after DBQ molecule 
adsorption. These additional empty bands will allow more charge to be stored within the 
DBQ@rGO hybrid. Nevertheless, our DFT results show strong interactions between the DBQ 
molecules and graphene, large charge redistribution on the graphene, and additional empty bands 
after DBQ adsorption, explaining high pseudocapacitance and long cycle life.    
 
Figure 43: Density functional theory calculations. (a) Orientation-dependent binding energies of DBQ on graphene 
surface, where letter p is for parallel and v for vertical orientations. (b) Difference of charge density of the most stable 
DBQ@graphene configuration in stacked sites. (c) Density of states for pristine graphene and DBQ@graphene. 
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3.2.3.10 Electrochemical performance of negative electrode in acidic electrolyte 
Figure 44a shows the CV curves of the pristine Ti3C2Tx film electrode in 3 M H2SO4 at various 
sweep rates in the potential range from 0.2 to -0.6 V versus Ag/AgCl using glassy carbon as the 
current collectors. Across all the sweep rates, CVs of the Ti3C2Tx showed a pair of pronounced 
redox peaks centered at ~-0.29/0.36 V due to the change in the Ti oxidation state.[23] Previously, it 
has been shown that partial change in the oxidation state of Ti can boost the capacitance.[75]  
 
Figure 44: Electrochemical performance of Ti3C2Tx electrodes. (a) CVs of the Ti3C2Tx electrodes at different scan 
rates in 3 M H2SO4. (b) Corresponding rate performance. (c) Galvanostatic charge/discharge curves at various current 
densities. (d) Corresponding cycling performance at 100 mV/s. 
At the lowest scan rate of 2 mV/s, Ti3C2Tx paper electrodes showed a gravimetric 
capacitance of 340 F/g, which is higher than reported in most earlier studies, and a good rate 
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capability (Figure 44b).[73,283] This can be attributed to high electronic conductivity, accessible 
redox-active surface, and better ionic accessibility of protons due to pre-intercalated water 
molecules between the MXene layers. The GCD curves (Figure 44c) at various current densities 
showed plateaus, indicating the pseudocapacitive character of the MXene. The symmetrical GCD 
curves at high current densities further indicate high reversibility of the redox processes, better 
rate capability and good coulombic efficiency.[191] After 15,000 CV cycles at 100 mV/s, the 
electrodes showed no capacitance loss, demonstrating that high capacitance is not due to parasitic 
reactions (Figure 44d). 
3.2.3.11 Electrochemical performance of all-pseudocapacitive quinone-MXene 
asymmetric devices  
Using a silver wire pseudo-reference in contact with the electrolyte in the asymmetric setup,[284] 
we were able to distinguish the performance of the two different electrodes (Figure 45a). The full 
cell has voltage window of 1.4 V with the negative electrode (Ti3C2Tx) working from 0.2 to -0.52 
V and the positive electrode (DBQ@rGO) working from 0.2 to 0.88 V. This almost even 
distribution confirms that the mass ratio of the two electrodes is optimized to achieve the highest 
total cell voltage, 1.4 V. CV curves of DBQ@rGO//Ti3C2Tx (Figure 45b) at scan rates between 2-
100 mV/s show that the operating voltage window of the asymmetric supercapacitor can be 
expanded to 1.4 V without any sign of electrolyte decomposition, even above the water splitting 
potential (1.23 V). The fabricated asymmetric supercapacitor shows pseudocapacitive behavior 
with a pair of pronounced redox peaks centered at ~0.7/0.8 V.[13] It is worth noting that the redox 
peaks stayed pronounced even at a scan rate of 100 mV/s, even though their separation increased.  
GCD curves (Figure 45c) at different current densities (10-50 A/g) show similar charge 
and discharge time, corroborating again rapid redox processes, high rate electrochemical 
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performance, and high Coulombic efficiency across all tested current densities. The deviation of 
the GCD plots from linear (ideally capacitive character) to curvy shows that the asymmetric device 
exhibited redox behavior. A comparison of Nyquist plots of the asymmetric cell with that of rGO 
and DBQ@rGO single electrodes (Figure 45d) shows that DBQ@rGO//Ti3C2Tx  has low charge 
transfer resistance, negligible semicircle size, and slightly higher deviation from the vertical line 
in the low frequency region, confirming again the pseudocapacitive behavior of the device. 
Impedance becomes slightly higher on glassy carbon compared to metal based current collectors.  
 
Figure 45: Electrochemical performance of organic-inorganic all-pseudocapacitive asymmetric device. (a) CV curves 
of an asymmetric cell at 5 mV/s, and the in situ tracked variation of the potential in each individual electrode. (b) CV 
curves at various scan rates between 2 and 100 mV/s of a DBQ@rGO//Ti3C2Tx asymmetric device, showing no sign 
of electrolyte decomposition. (c) Corresponding galvanostatic charge/discharge curves at various current densities. 
(d) Nyquist plots. (e), Rate performance at various scan rates. (f) Cycling performance of DBQ@rGO//Ti3C2Tx 
asymmetric device at 100 mV/s. Inset in f shows almost identically shaped CVs after long cycling.  
We calculated specific capacitance values of the asymmetric device from the discharge 
part of the CV curves based on the total mass of the active materials. At the lowest scan rate of 2 
mV/s, the device delivered 90 F/g (24.5 Wh/kg), which reduced to 55 F/g at 100 mV/s (Figure 
45e), showing good capacitance retention and high energy density when compared with previously 
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reported organic and oxide-based asymmetric devices.[179] While a variety of inorganic materials 
have shown promise as positive electrodes and high capacitance values have been reported, their 
performance dropped when coupled with carbon materials in an asymmetric configuration.[179] Our 
results clearly show that capacitance match of both positive and negative electrodes is crucial to 
achieving overall high electrochemical performance in a device. Our asymmetric supercapacitor 
based on all-pseudocapacitive materials on both positive and negative sides shows a different 
behavior. To evaluate the cycling stability of the asymmetric device, CV tests were conducted at 
100 mV/s between 0 and 1.4 V. The tested device showed the capacitance retention of above 90% 
after 10,000 cycles (Figure 45f), outperforming majority of the reported asymmetric 
devices.[179,180,234] This performance can be ascribed to: (1) matching redox capacitance of both 
positive and negative electrodes which resulted in an expanded voltage window, and long cycle 
life, and (2) high electronic conductivity of graphene and MXene provided continuous charge 
percolation pathways for stable electrochemical performance.  
3.2.4 Multi-electron redox organic-based hybrids 
3.2.4.1 Quinone-coupled viologen and pyridinium derivatives  
Our next aim was to explore multi-electron redox organic molecules. One important class of redox-
active compounds is viologens which are known for their use in electrochromic devices due to 
their redox driven color change. Our hypothesis was that quinones can be coupled with viologens 
to synthesize multi-electron redox systems. We use quaternization reaction in which nitrogen free 
doublet attacks carbon bearing a chlorine atom (nucleophilic substitution reaction). By using this 
approach, we synthesized pyridinium and viologen derivatives for pseudocapacitive applications. 
Theoretically, these systems can offer more than two-electrons redox and may also find 
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applications in other energy relevant applications. Here, we named them as C1, C2, C3 and C4 
(Figure 46). We tested the electrochemistry of C3 and C4 by combining them pre-synthesized rGO 
sheets. Different weight ratios C3 and C4 were physically mixed to prepare electrodes for 
electrochemical testing.             
 
Figure 46: Quinone-coupled muti-electron redox organic molecules 
3.2.4.2 Charge storage performance of quinone-coupled viologen hybrids in a 
3-electrode configuration  
We first tested the electrochemical performance of C3@rGO and C4@rGO in a three-electrode 
set-up.  Figure 47a shows the CV curves of C3 and C4-based hybrids at 2 mV/s in 3 M H2SO4. 
Unlike quinones, C3 and C4 hybrids showed three reversible redox peaks, confirming quinone 
coupling with viologens. The reversible redox peaks can be ascribed to joint redox stemming from 
viologen and quinones within hybrid, and flat parts of the CVs show double layer charge storage 
in hybrid. It is obvious from CV curves that C3 hybrid offered better capacitance and more 
rectangular CV compared to C4 hybrid which appeared slightly resistive and low in capacitance. 
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Moreover, the CV curves of C3@rGO stayed pseudocapacitive even at 100 mV/s (Figure 47b), 
showing that C3 offers better adhesion to the rGO sheets, most likely via π-π stacking interactions.  
 
Figure 47: CV curves comparing redox behaviour of C3 and C4@rGO hybrids. (b) CV curves of C3@rGO (1:2) 
composition, showing stable redox behavior of C3 on rGO surface. (c) Corresponding rate performance. 
We prepared two compositions of C3 hybrids by varying the amount of the rGO in the 
hybrid and tested their electrochemical performance to figure out the best composition. Regardless 
of C3’s initial amount in the hybrid, all compositions showed improved capacitance at all scan 
rates (Figure 47c). We first mixed rGO twice the amount of C3 and found 1.6 times (215 F/g, 2 
mV/s) improvement in capacitance compared to its pristine counterpart (135 F/g). By levelling the 
initial amount of C3 and rGO in the hybrid, a similar capacitance value was achieved at the lowest 
scan rate of 2 mV/s. However, capacitance values dropped at higher scan rates likely due poorly 
conductive excessive C3. Nevertheless, 1:2 C3@rGO showed highest capacitance and improved 
rate performance all the tested scan rates. Of course, further optimization of electrodes can be 
conducted in future.  
3.2.4.3 Aqueous asymmetric devices based on quinone-coupled viologen 
hybrids and MXene  
Optimized C3@rGO composition was further paired with Ti3C2Tx MXene to manufacture multi-
electron redox aqueous asymmetric devices. CV curves of C3@rGO//Ti3C2Tx at varying scan rates 
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between 5 and 5000 mV/s within potential range of 0 to 1.5 V in 3 M H2SO4 are shown in figure 
48a. Unlike previously discussed asymmetric devices, C3-based asymmetric devices showed two 
redox humps centered at 0.85/0.70 V, and 0.19/0.12 V, confirming multiple-electron exchange 
within all-pseudocapacitive device. These redox humps remained prominent even at 500 mV/s, 
confirming rapid charge percolation and highly reversible redox. The small oxidation-reduction 
peak separation confirms pseudocapacitive behavior of the device.     
 
Figure 48: CV curves of C3@rGO//Ti3C2Tx hybrid device showing remarkable stability of redox processes. (b) GCD 
curves of the device show high coulombic efficiency. (c) Ragone plot showing high rate capability of the device. Inset 
in c shows the high rate performance of the hybrid device. (d) Capacitance retention of C3@rGO//Ti3C2Tx hybrid 
device showing capacitance retention of 80% after 10000 charge/discharge cycles. Inset in d shows identical shape 
CVs confirming high stability of the redox processes.  
GCD plots (Figure 48b) at varying current densities of 2, 3, 5, 10, 15 and 20 A/g exhibited 
symmetric charge/discharge curves, confirming high balance of redox processes and good 
Coulombic efficiency of the device. Our asymmetric device showed capacitance of 64 F/g at 10 
mV/s which only 9% dropped when scan rate was raised to 100 mV/s (Figure 48c, inset). Even at 
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a scan rate of 5000 mV/s, device was capable to store 16 F/g, showing remarkable power 
performance of the device. Ragone plot (Figure 48c) further showed shallower drop in power 
performance at high energy densities, confirming high rate capability of the device. The device 
was capable to deliver 20 Wh/kg at low power rate. Asymmetric device showed high capacitance 
retention of 80% after 10,000 charge/discharge cycles (Figure 48d). The similar shape of the CV 
before and after long cycling show that asymmetric device is capable to maintain pseudocapacitive 
behavior after long cycling (Figure 48, inset). Although capacitance retention values are higher 
compared to earlier literature, further optimization such as covalent grafting of C3 molecules on 
rGO sheets may suppress the dissolution of molecules which could suppress the capacitance fade.  
In sections 3.2.3 — 3.2.4.3, we have showed that discrete organic molecules deposited on 
carbons are promising pseudocapacitive materials. We developed 3D porous electrode 
architectures by single step hydrothermal method that led to deposition of organic molecules on 
carbons (e.g., rGO sheets). Porous electrode architectures are the key for ion and electron mobility, 
which has a significant impact on overall electrochemical performance. By varying the organic 
content, it is possible to tune the capacitance, rate performance, and cycle life of hybrid electrodes. 
Protecting groups on organic molecules shield them from dissolution during electrochemical 
operation, therefore, are key for the long cycle of the electrodes. Molecules such as phenothiazine 
whose radical form is stable ensures long cyclability of the electrodes. Our results also showed a 
trade-off between capacitance and cyclability and revealed that a balanced organic molecule-
conductive substrate ratio is crucial for the best performance of hybrid electrodes. The DFT 
calculations indicated that a strong interaction between organic molecules and graphene with the 
high binding energies results in electron transport to confined organic molecules for continuous 
charge percolation that leads to long cyclability of hybrid electrodes. We also found that by 
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rationally designing organic-conductive supports electrode architectures, it is possible for organic 
materials to deliver high rate performance. We have further shown that pseudocapacitive organic-
containing electrodes can be paired with pseudocapacitve Ti3C2Tx MXene electrodes to expand 
the voltage window (thus energy density) in organic-inorganic all-pseudocapacitive asymmetric 
aqueous devices. In such devices, both electrodes of varying chemistries and redox potentials 
electrochemically complement each other to expand the voltage window in 3 M H2SO4. We were 
able to achieve 1.5 V devices with remarkable cycle life. Previously, it was a challenge to expand 
the voltage window in low pH electrolytes. Multi-electron systems (e.g., quinone-coupled viologen 
derivatives) offer potential for pseudocapacitive applications, however, further electrode 
optimization is needed. It is important to mention that our work is not limited to discussed discrete 
organic molecules and Ti3C2Tx MXene, but sets up a research direction which requires to explore 
wide variety of high capacitance and long cycle life multi-electron redox-active organic molecules 
to pair them with variety of other known MXenes to manufacture high energy and power density 
all-pseudocapacitive organic-inorganic asymmetric devices.    
3.2.5 MXene-organic molecules/polymers hybrids 
3.2.5.1 MXene-polypyrrole hybrids7 
It was shown previously that an increase in the interlayer spacing of Ti3C2Tx facilitates charge 
transport in supercapacitor electrodes.[74,137] For instance, improved charge storage capacity was 
noted upon intercalation of polyvinyl alcohol (PVA) between the Ti3C2Tx layers.[137] While 
MXenes have been combined with polymer electrolytes,[137] there were no reports on their 
combination with electrochemically active polymers. We hypothesized that redox-active 
                                                            
7 Parts of this section have been published in Boota, M., et. al, Adv. Mater. 28, 1517-1522 (2016). 
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conducting polymers may intercalate between the Ti3C2Tx layers, expanding the space between 
them for rapid charge transport. If this happens, conducting polymers will offer high 
pseudocapacitance, and may provide aligned conducting paths between MXene layers for facile 
charge percolation. Herein, we demonstrate simultaneous intercalation, alignment and oxidant-
free polymerization of pyrrole (C4H4NH) on the Ti3C2Tx MXene. Aligned conductive polymer 
chains provide a favorable architecture for charge transport for high pseudocapacitive 
contributions. The polypyrrole/Ti3C2Tx (PPy/Ti3C2Tx) hybrid not only showed high gravimetric 
and volumetric capacitances, but also exhibited excellent cycling stability up to 25,000 cycles.  
 
Figure 49: Schematic illustration of pyrrole polymerization using MXene in absence of oxidants. The terminating 
groups on the latter contribute to the polymerization process. 
(a) Effect of pyrrole mixing on structure and chemistry of Ti3C2Tx   
Figure 49 shows a schematic of our synthesis procedure. A colloidal solution of delaminated 
Ti3C2Tx (d-Ti3C2Tx) suspension was mixed with pyrrole in two different mass to volume ratios, 
2:1 and 1:1 of d-Ti3C2Tx:pyrrole (see experimental details). The cross-sectional SEM image 
(Figure 50a) of a 13 µm binder-free PPy/Ti3C2Tx (1:2) film shows that the entire film is composed 
of well-aligned stacked MXene sheets. XRD pattern (Figure 50b) of the pristine Ti3C2Tx paper and 
the PPy/Ti3C2Tx (1:2) exhibited a clear downshift in the (0002) peak from ~6.4º to ~3.6º, indicating 
an increase in the spacing between Ti3C2Tx layers from 13.8 Å to 24 Å (Figure 50b). Pure PPy is 
known to be amorphous with a very broad diffraction peak at ~25º, corresponding to the scattering 
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from PPy chains.[285] XRD pattern of the PPy/Ti3C2Tx (1:2) sample in the range of 20 to 35º was 
similar to that of the pristine Ti3C2Tx paper and no additional diffraction peaks were identified 
after adding PPy to Ti3C2Tx. 
 
Figure 50: (a) Low mag. SEM image of PPy/Ti3C2Tx film, (b) XRD pattern of the pyrrole intercalated MXene 
compared with delaminated MXene film (c, d) TEM images of aligned polypyrrole chains between MXene sheets. 
Cross-sectional TEM images of the PPy/Ti3C2Tx (1:2) film in Figure 50c, d show 
alternating layers of MXene and PPy. It is obvious that PPy chains are not only intercalated but 
also well aligned between the layers producing a periodic pattern as shown in Figure 50d. 
Previously, the alignment of conducting polymers was shown using hard or soft templates.[286] 
Template free synthesis may also lead to aligned conducting polymers nanostructures,[287] however 
here the Ti3C2Tx layers serve as a template as well as a substrate for the synthesis and alignment 
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of the PPy chains. Hydrogen bonding probably plays a key role in the alignment process. It is 
known that pyrrole oligomers tend to randomly aggregate, however, they self-align if hydrogen 
bonding is present between the anion and the surface of the electrode.[288,289] In the 
PPy/Ti3C2Tx hybrid, the hydrogen bonding most probably originates from the N–H group of the 
pyrrole ring and terminating oxygen or fluorine present on the Ti3C2Tx surface, which may assist 
in alignment of the polymerized chains (Figures 49 and 50c, d). Furthermore, ordered oligomer 
chains serve as seeds for the preferential growth of the PPy in 2D rather than randomly.[287,289] 
Such ordered morphologies can create ion transport pathways for fast charge storage.[283,290] 
 
Figure 51: Spectroscopic confirmation of pyrrole polymerization: (a) FTIR spectrum of hybrid film, which shows all 
bands of doped PPy. (b) Raman spectra of the delaminated Ti3C2Tx film and PPy/Ti3C2Tx (1:2) film. All observed 
bands are assigned, confirming that the pyrrole was polymerized and is present in its conductive form in the hybrid. 
The FTIR spectrum shown in Figure 51a further corroborates the formation of the doped 
PPy. FTIR bands at 2116 cm-1 and 1735 cm-1 are assigned to the C—N and carbonyl stretching, 
respectively. Bands at 1678 and 1368 cm-1 represent N—H deformation of the pyrrole ring. The 
bands at 1219 and 911 cm-1 are associated with the stretching vibrations of the doped PPy, 
implying polymerization of the pyrrole. The band at 838 cm-1 is assigned to the C—H vibrations 
inside the pyrrole ring.[293] These results suggest that pyrrole can be polymerized in contact with 
Ti3C2Tx without the use of hazardous oxidative agents. The Raman spectrum of PPy/Ti3C2Tx (1:2) 
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film shown in Figure 51b exhibits distinct bands of conductive PPy. Raman bands observed at 938, 
1085 and 1261 cm-1 are associated  with the formation of dications (bipolaron); the one at 985 cm-
1 is associated with radical cation (polaron) structure.[291] Raman bands at 616, 712, 1042, 1320 
and 1590 cm-1 are assigned to the pyrrole ring torsion, C—H wagging, C—H deformation, C—C 
in-ring and inter-ring stretching, C=C stretching of two oxidized structures, respectively.[291,292]  
 (b) Proposed mechanism of MXene-induced polymerization    
Generally, conducting polymers are synthesized by mixing balanced stoichiometries of monomer 
and an oxidizing agent, such as FeCl3, K2Cr2O7, KMnO4, or CuCl2.[56,294] It has also been reported 
that halogens can perform a dual role: oxidation as well as, chemical polymerization.[295,296] For 
example, Kang et al. synthesized PPy using iodine, bromine, and chlorine for simultaneous 
oxidation and polymerization of pyrrole.[295,296] It has also been shown that pyrrole can be 
polymerized in the presence of strong acids and the mechanism of polymerization was proposed 
to involve initially protonation of pyrrole.[297] The Ti3C2Tx has a strongly pronounced acidic 
character and its interaction with pyrrole may result in a protonated molecule, which then reacts 
with unprotonated pyrrole to form a dimer, that subsequently undergoes further reaction with either 
protonated or unprotonated pyrrole.[297] The process continued to form longer chains of the 
polypyrrole (chain propagation), which became conductive after doping with the fluorine from 
MXene.[294–296,298] Figure 52 is our proposed mechanism for the MXene-induced polymerization 
of pyrrole monomer.[299,300] After polymerization, vacuum filtration of the thick black suspension 
resulted in a brittle film, as opposed to the flexible Ti3C2Tx film,[137] further suggesting the 
polymerization of the pyrrole that bonds MXene sheets and prevents their sliding relatively each 
other. There are other possible explanations; however, the exact mechanism of the spontaneous 
polymerization without addition of any oxidant is discussed in the forthcoming sections. 
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Figure 52: Proposed mechanism of MXene-induced oxidant-free polymerization of pyrrole which involves 
protonation, dimerization, propagation and doping processes.  
(c) Effect of pyrrole polymerization on electrochemical performance of 
polypyrrole/Ti3C2Tx hybrids  
To determine the charge storage ability of the PPy/Ti3C2Tx films, we conducted CV experiments 
(Figure 53a) in 1 M H2SO4 at various sweep rates in the potential window from -0.2 to 0.35 V vs. 
Ag/AgCl. The acidic electrolyte was chosen due to its high conductivity and because it promotes 
surface redox reactions for PPy.[118,301] Across all scan rates, CVs of the PPy/Ti3C2Tx (1:2) 
remained pseudo-rectangular with no peaks due to redox processes in a narrow range of potentials. 
At the same time, very high values of capacitance suggest pseudocapacitive (surface redox) 
contribution from the PPy and a change in the oxidation state of the Ti atoms, as reported earlier.[75] 
In sharp contrast to previous studies on PPy hybrids with conductive nanoparticles such as 
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graphene and MoS2, our hybrid exhibited stable electrochemical behavior even at high scan rates, 
which clearly indicates good ionic and electronic transport within the layered hybrid.[152,302–304]  
 
Figure 53: Electrochemical characterization of PPy/Ti3C2Tx hybrids: (a) cyclic voltammograms, CVs, of PPy/Ti3C2Tx 
(1:2) film at various scan rates. (b) Effect of pyrrole loading on capacitance measured at 5 mV/s. Lines between points 
in figure are guides to the eye. (c) Rate performance of tested compositions and comparison of the capacitance with 
previously reported Ti3C2Tx electrodes, d) Galvanostatic charge/discharge cycles of PPy/Ti3C2Tx (1:2) film at various 
current densities. (e) Impedance spectra of pristine Ti3C2Tx and PPy/Ti3C2Tx (1:2) films. Inset magnifies the high 
frequency region. (f) Cycle life performance showing high capacitance retention of the PPy/Ti3C2Tx (1:2) film after 
25,000 cycles at 100 mV/s. Inset shows that the shape of the CV was retained after cycling, confirming the high 
electrochemical stability of the PPy confined between MXene layers. 
When the effect of pyrrole loading on capacitance was plotted (Figure 53b), it became clear 
that the Ti3C2Tx/PPy (2:1) hybrid yielded the highest capacitance of 416 F/g (5 mV/s) - a value 
that is higher than pristine Ti3C2Tx electrodes (238 F/g).[73] This enhancement in capacitance most 
likely originates from the pseudocapacitive contribution of the 8 wt.% PPy, which corresponds to 
88 F/g, calculated similarly to previous reports,[305,306]  as well as improved accessibility of the 
MXene surfaces. It is important to note here that undoped PPy is electrochemically inactive, so 
the observed capacitance increase suggests that PPy is present in its doped form. Although the 
density of the PPy/Ti3C2Tx (1:2) hybrid electrodes (2.4 g/cm3) is lower than that of a Ti3C2Tx film 
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(3.6 g/cm3), due to intercalation of the polymer chains, a volumetric capacitance of 1000 F/cm3 
was achieved, which is one of the highest for any capacitive material.   
When the pyrrole concentration in the hybrid was increased to a 1:1 ratio, a sharp decline 
in capacitance was observed (Figure 53b). This may be due to: (1) the presence of the unreacted 
pyrrole or undoped polypyrrole, which remained electrochemically inactive. Due to 
electrochemical inactivity and poor conductivity, any non-reacted pyrrole acts as an insulator 
causing decline in capacitance, (2) higher pyrrole loading (1:1), which formed a thick polymer 
layer that separated the MXene flakes and decreased the electronic conductivity of the MXene 
network. Taking this into account, further studies were conducted on the samples containing the 
1:2 ratio of pyrrole to Ti3C2Tx. 
A comparison of the rate performance of the PPy/Ti3C2Tx (1:2) film with previously 
reported Ti3C2Tx film and hybrid electrodes is presented in Figure 53c. At 150 F/g, the gravimetric 
capacitance of the 10 wt.% PVA-Ti3C2Tx hybrid[137] is less than a third of the PPy/Ti3C2Tx (1:2) 
hybrid measured at the same scan rate, presumably due to the redox contributions, and higher 
conductivity of the PPy. As noted above, the PPy/Ti3C2Tx electrodes yielded twice the capacitance 
of pristine Ti3C2Tx, which can be due to larger interlayer spacing of Ti3C2Tx sheets and possibly 
redox contributions of the PPy. A decline in capacitance at higher scan rates — common for the 
pseudocapacitive electrodes — was noted. In terms of gravimetric capacitance, our electrodes also 
outperformed several previously reported PPy-containing hybrids with graphene, MoS2 and 
carbon nanotubes.[43,307–310] For example, Yang et al.[310] synthesized graphene-containing PPy 
electrodes and reported capacitances of 350 F/g at 1.5 A/g, respectively. At 416 F/g (5 mV/s), our 
films exhibited a high gravimetric capacitance and unmatched volumetric capacitance values. We 
attribute this to the highly conductive microarchitecture of the PPy/Ti3C2Tx film in which the 
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aligned PPy chains between the metallic Ti3C2Tx layers give low electronic resistance and create 
aligned channels for facile ionic transport.  
The nearly triangular GCD curves (Figure 53d) at current densities of 3, 5, 10 and 20 A/g 
confirm the high reversibility of the redox reactions and good Coulombic efficiency (~99%) of the 
tested electrodes.[118] Electrochemical impedance spectroscopy was further performed to study the 
charge transfer resistance and ion transport in the tested electrodes. Nyquist plots (Figure 53e) of 
both pristine Ti3C2Tx and PPy/Ti3C2Tx (1:2) films showed negligible semicircles and a quite low 
charge transfer resistance, suggesting that polymerization did not significantly affect the electronic 
conductivity of the Ti3C2Tx sheets. This is most likely because local contacts between MXene 
sheets were maintained at this PPy amount added and because PPy has a higher conductivity 
compared to PVA or PDDA, used previously to make polymer/Ti3C2Tx hybrids.[137] In the low 
frequency range, a near vertical line for both pristine Ti3C2Tx and PPy/Ti3C2Tx electrodes 
represents good ionic conductivity of the electrodes.[52] At high frequencies (inset in Figure 53e), 
the slope of the plot for the PPy-containing film is higher than those of pristine Ti3C2Tx, which 
shows a slightly higher diffusion resistance due to the increased number of polymerized chains. 
Our hypothesis was that if pyrrole is not present in the doped polymeric form, it will 
degrade after a few hundred cycles, similar to previous reports.[152,163] Moreover, the high 
conductivity of Ti3C2Tx and the confined PPy chains may curtail degradation of PPy.[152,304,311] To 
confirm this, we performed a cycle life test on the PPy/Ti3C2Tx (1:2) film up to 25,000 cycles at 
100 mV/s (Figure 53f), and the electrodes showed capacitance retention of 92%, outperforming 
many previous PPy-containing electrodes.[152,304,307–309]. It is worth noting that pure MXene films 
show a better stability under cycling.[73] Comparison of the initial and final CVs (inset in Figure 
53f) confirmed stable electrochemical performance of the PPy/Ti3C2Tx electrodes. Moreover, this 
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further shows that redox reactions are highly reversible and can sustain for longer cycling. High 
capacitance retention may be ascribed to: (1) Polymerization of pyrrole using surface terminating 
groups of the Ti3C2Tx layers which can induce strong bonding between PPy and the Ti3C2Tx 
surfaces, which in turn can lead to improved charge transfer. (2) Unique microstructure of the 
hybrid having alternating monolayers of Ti3C2 and PPy in a fairly regular pattern (Figure 50c,d) 
guarantees facile electron and ion transport and provides abundant active surface during 
charge/discharge cycles. (3) Since intercalated PPy chains were sandwiched between the 2D 
conductive Ti3C2Tx sheets, the latter may protect PPy and minimize its degradation.  
In summary, we demonstrate a facile strategy for the in-situ polymerization of pyrrole 
confined between the Ti3C2Tx layers. XRD and TEM results confirmed that pyrrole intercalated 
the Ti3C2Tx layers and that the polymer chains are highly aligned. When tested as supercapacitor 
electrodes, a PPy/Ti3C2Tx hybrid yielded volumetric capacitance of  
~1000 F/cm3 and capacitance retention of 92% after 25,000 cycles. We attribute this high 
electrochemical performance and excellent cycle life to its self-assembled layered architecture 
having aligned PPy confined between the conductive Ti3C2Tx monolayers, which leads to high 
electronic conductivity, fast reversible redox reactions, and better ion transport due to short 
diffusion pathways. Furthermore, the enhanced capacitance is due to synergistic effect of increased 
interlayer spacing between the Ti3C2Tx layers due to intercalation of conductive PPy, and due to 
surface redox processes of the PPy and MXene. It is important to exactly determine the 
polymerization mechanism. If it is understood, this general strategy may be extended to other 
polymerizable organic molecules and used to synthesize layered polymer/MXene hybrids for 
energy related applications and beyond. 
(d) Experimental and theoretical mechanism of MXene induced self-
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polymerization of conducting polymers: A case of PEDOT/Ti3C2Tx hybrids
8  
With the help of DFT calculations, we were able to identify the MXene induced self-
polymerization of the conducting polymers. To accomplish this task, we selected another 
conducting polymer monomer 3,4-ethylenedioxythiophene (EDOT) which serves as a backbone 
for the synthesis of a wide variety of π-conjugated polymers with tailored optical, electronic, and 
electrochemical properties.[312] We produced free-standing films of PEDOT/MXene using a 
similar method that we used for polymerization of  pyrrole. Further synthesis details are given in 
the experimental section.  
 
Figure 54: (a) Comparison of Raman spectra for pristine Ti3C2Tx (bottom, black line), conventionally synthesized 
PEDOT (middle, red line), and Ti3C2Tx/PEDOT (top, blue line). (b) FTIR spectrum of MXene-induced polymerized 
Ti3C2Tx/PEDOT film.  
To experimentally confirm the MXene-induced polymerization, we used Raman and FTIR 
spectroscopies. Raman spectra of pristine Ti3C2Tx, conventionally synthesized PEDOT, and the 
hybrid structure are shown in Figure 54a. The hybrid structure showed a joint character of the 
Ti3C2Tx and conventional PEDOT spectra, suggesting polymerization of EDOT on Ti3C2Tx flakes 
                                                            
8 Simulation help was offered by Chi Chen (Drexel University). Parts of this section have been published in Chen. C, 
Boota, M. et. al, J. of Mater. Chem. A 5, 5260-5265 (2017) 
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without using any oxidant. The bands at 1451 and 1541 cm-1 are associated with the C=C 
symmetric and antisymmetric vibrations of the thiophene ring, respectively. The 1451 cm-1 peak 
can be associated with the degree of the oxidation in the PEDOT structure. When compared with 
the conventionally polymerized PEDOT, it appeared that EDOT is less oxidized using Ti3C2Tx, 
however, sufficient to initiate the doped polymerization of the PEDOT.[313,314] The 1268, 1146 and 
998 cm-1 bands are attributed to the C–C stretching, quinoid ring vibration, and oxyethylene ring 
deformation. The bands at 854, 713, 574 and 436 cm-1 are ascribed to C–O bending vibrations, 
symmetric C–S–C deformation, and C–O–C bond deformation, respectively, confirming the 
polymerization of the doped PEDOT.[185,315,316] Other bands are assigned to Ti3C2Tx,[68] which 
appeared stretched and less intense due to high intensity of the PEDOT bands. This confirms that 
EDOT is polymerized in its doped state, and interacts with Ti3C2Tx flakes.  
The vibrational bands in the FTIR spectrum (Figure 54b) of the PEDOT/Ti3C2Tx hybrid 
film at about 1643 and 1361 cm-1 are attributed to the C–C and C=C stretching vibrations of the 
thiophene ring. The bands at 1149 and 1080 cm-1 come from the C–O–C bond stretching in the 
ethylene dioxy group. The C–S band in the thiophene ring is assigned at 990, 854 and 692 cm-
1.[317] Moreover, the presence of the C=C stretching bands corresponds to the conjugated network 
of the PEDOT, also confirming doped (conductive) PEDOT.[318,319] Spectroscopic results 
presented here confirmed that EDOT has been polymerized between the Ti3C2Tx layers. 
DFT calculations were used to figure out the polymerization mechanism. We first explored 
the adsorption of EDOT on the surface of Ti3C2O2. We considered five different configurations, 
as shown in Figure 55a. Configurations pI, pII and pIII are parallel orientations, while vI and vII 
are vertical. The binding energy of EDOT on the surface of Ti3C2O2 is defined as, 
Eb = EMXene+EDOT − (EMXene + EEDOT), 
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Figure 55: (a) Different adsorption orientations and binding energies of EDOT on the surface of Ti3C2O2. (b) 
Difference of charge density and charge transfer for the most stable adsorption configuration (pI), the violet and 
turquoise regions indicate depletion and accumulation of electrons, respectively. (c) Relationship between energy cost 
for polymerization and electrons losing from EDOT. (d) Two types of charge transfer induced polymerization. 
where EMXene+EDOT is the total energy of EDOT adsorbed on the surface of Ti3C2O2, EMXene is the 
total energy of Ti3C2O2, and EEDOT is the total energy of the EDOT monomer. The calculated 
binding energies for different configurations are listed in Figure 55a. The most stable configuration 
is pI, with the lowest binding energy of -1.02 eV. Moreover, the binding energies of three parallel 
orientations for EDOT are much lower than those of the two vertical ones, indicating that the 
parallel adsorption of EDOT on the Ti3C2O2 surface is preferred.  
We further calculated the charge density of the most stable configuration (pI), which 
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showed that the π electrons of EDOT were partially transferred to the Ti3C2O2 surface while the 
rest transferred to C-2p or O-2p orbits (Figure 55b). Furthermore, from Bader analysis,[320] we 
found that there were 0.34 electrons transferred from EDOT to Ti3C2O2, due to a higher Fermi 
energy level aligned to the vacuum energy level of EDOT at -4.31 eV compared to Ti3C2O2 at -
6.24 eV. To figure out the influence of charge transfer on EDOT polymerization on the surface of 
Ti3C2O2, we calculated the energy cost for polymerization while different electrons are lost from 
EDOT as shown in Figure 55c. The average energy cost for polymerization y is defined as: 
y = (EPEDOT + 2nEH − nEEDOT)/n, 
where EPEDOT is the total energy of PEDOT with nx being electron loss, n is the number of EDOT 
in one PEDOT unit, EEDOT is the total energy with x electron loss and EH is the total energy of H 
atoms. The fitted linear relationship between energy cost and electron loss is y = −7.19x + 4.93 
(Figure 55c). It was obtained that the energy cost for polymerization decreased with the electron 
loss from EDOT. In other words, the higher energy level leads to electron transfer from EDOT to 
MXenes, giving rise to the easier polymerization of EDOT and formation of the Ti3C2Tx/PEDOT 
hybrid structure. 
Based on this polymerization mechanism, we could conclude a promotional rule for in 
situ polymerization through a facile strategy, such as physical mixing. Two critical factors are 
necessary for in situ polymerization using MXene's local chemistry: factor (I), charge transfer 
occurs between the monomer and substrate; and factor (II), energy cost for polymerization Δε 
decreases with the progress of charge loss from monomer Δe until the reaction barriers are 
conquered. Therefore, two possible types could happen, as shown in Figure 55d. For type I, when 
the highest occupied molecular orbitals (HOMOs) of the monomer are higher than the lowest 
unoccupied molecular orbitals (LUMOs) of the substrate, electrons will transfer from the monomer 
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to the substrate (Δe). This possibly results in the polymerization if its energy cost decreases with 
electron transfer, exactly as EDOT on the MXene surface. For type II, polymerization might also 
occur if its energy cost decreases with electrons transferring from the substrate to the monomer 
(−Δe), due to the fact that the HOMO of the substrate is higher than the LUMO of the monomer. 
According to these rules, we could match reasonable functional monomer/substrate coupled by 
DFT calculations to synthesize polymer-based hybrid structures experimentally in situ for specific 
applications without any oxidant. 
3.2.5.2 MXene-polyflourone hybrids9   
The idea of using -conjugated polymers as electrochemically active materials with MXenes is 
very intriguing. The former  provide a unique set of properties, including variable band gap,  
controlled exciton and charge transport, processability and water solubility[321], and the latter 
provide an excellent conductive and mechanically strong support. The use of a preformed 
conjugated polymers with defined chemical and physical characteristics could give a new insight 
into interaction mechanisms, which subsequently could be used to tune physical, chemical and 
electrochemical properties of the resulting conjugated polymers/MXene hybrids. The evolution 
towards improved polymeric materials moved us to substituted poly(9,9-dioctylfluorene) (PFO). 
Among the broad class of conjugated polymers, PFO plays an important role due to a wide range 
of desirable properties, such as high charge–carrier mobility, good thermal stability and solution 
processability together with ability to tune their end-group chemistry.[322–324] The ability to 
synthesize PFO with controlled end functionalities allows us to control the interaction strength of 
MXene with polymers and manufacture MXene/polymer hybrids with favorable physico-chemical 
                                                            
9 Parts of this section have been published in Boota, M., et. al, Chem Mater. 29, 2731-2738 (2017). Polymers used in 
this study were synthesized by Dr. William Porzio team (ISMAC, CNR) 
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and electrochemical properties.  
 
Figure 56: Schematic illustration of polymer interaction with Ti3C2Tx layers (top), and the synthesized polymers with 
non-polar, polar, and polar charged nitrogen lateral chain ends (bottom). 
Herein, we synthesized a family of PFO having the same conjugated backbone but different 
lateral chains, namely apolar, polar, and end-charged groups alkyl chains to investigate the 
interaction mechanism that leads to separation of Ti3C2Tx flakes. PFO having no polar 
functionality (P1), with polar nitrogen (P2), and charged nitrogen groups (P3) were synthesized 
via the Suzuki polycondensation reaction between dibrominated fluorene and bis borolane fluorene 
derivative. We chose Ti3C2Tx MXene as a model system because it is the most studied and best 
understood MXene.[74,283,325,326] We further discuss the impact of polymer interaction with Ti3C2Tx 
layers on pseudocapacitance of the organic/inorganic hybrid electrodes.   
Figure 56 provides a general overview of our approach to study the interaction mechanisms 
of Ti3C2Tx layers with PFDs having the same π-conjugated backbone but different lateral alkyl 
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chains (Figure 56, below), where P1 stands for poly(9,9-dioctylfluorene), P2 for poly[(9,9′-bis(3″-
(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] and P3 for poly[(2,7-
(9,9′-dioctyl)fluorene)-alt-(2,7-(9,9′-bis-(5″-trimethylammonium bromide)hexyl)fluorene)].[135] 
While P1 is completely non-polar, the polarity on P2 stems from the nitrogen-containing groups 
on the dimethylamino side chains, and P3 is further functionalized with trimethylammonium ionic 
groups stabilized with Br− counterions. These systems were further substituted with octyl side-
chains to deter intermolecular aggregation.[135] 
Another purpose of functionalization with trimethylammonium ionic groups was to make 
P3 polymer somewhat resembling tetrabutylammonium hydroxide (TBAOH) which can 
intercalate between MXene layers.[326–328] As a result, based on our understanding of 
interaction/intercalation of P3, we may be able to shed light on TBAOH/MXene interactions as 
well which were used to improve electrochemical performance of MXene.[326,328] To explore 
polymer/MXene interaction mechanisms, we prepared hybrids by mixing together the 1:2 polymer 
to Ti3C2Tx weight ratios at room temperature. Free-standing films of P1@Ti3C2Tx, P2@Ti3C2Tx, 
and P3@Ti3C2Tx were prepared by vacuum filtration followed by vacuum drying up to 48 h. Due 
to the loss during filtration and washing, the resulting polymer contents in these films were about 
2, 5 and 10 wt.%, respectively. The mass loading of polymers on the MXene was determined by 
weighing the vacuum-dried MXene-based films before and after the incorporation of polymer 
using an ultra-micro balance (Mettler Toledo UMX2, repeatability: 0.9 μg) with a high accuracy 
up to 1 µg. Different contents of polymer after filtration suggested different strength of their 
interaction with MXene flakes. During mixing, only 2 wt.% of P1 polymers were preserved 
indicated that they showed the least interaction with the MXene surface. This can be ascribed to 
the non-interacting end groups of P1, and most of the polymer was filtered out during the washing 
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process. On the contrary, the P3 polymers showed the strongest interaction with the MXene 
surface.  
(a) Effect of polymer polarity on morphology, interlayer spacing, and surface 
chemistry of MXene 
The cross-sectional SEM image of the P3@Ti3C2Tx (Figure 57a) shows well-aligned Ti3C2Tx 
layers in the hybrid film. Similar cross-section morphologies were observed for the P1@Ti3C2Tx 
and P2@Ti3C2Tx films. Compared with XRD pattern of pristine Ti3C2Tx films (Figure 57b), the 
P1@Ti3C2Tx exhibited a slight shift and the P2@Ti3C2Tx films showed a noticeable shift (probably 
due to nitrogen-containing ends), in the c-lattice parameter (c-LP). Contrariwise, P3@Ti3C2Tx 
showed a much larger downshift towards from ~7.23° for Ti3C2Tx to ~5.34°. This shift corresponds 
to an expansion in c-LP from ~24.47 Å for Ti3C2Tx to ~33.01 Å, which may be attributed to 
juxtaposition of the P3 macromolecules between Ti3C2Tx layers via charged ends.[329]  
The shift in c-LP is associated with the remaining amount of the polymers between the 
MXene layers after washing and translates into polymer interaction with the MXene. Our 
systematic investigation shows that the trend of the increase in the lattice parameter follows the 
polarity of the side chains of the polymers, indicating that the interaction strength drives the 
reticular expansion. This is because stronger the interaction between polymers and MXenes is, 
more polymer will be retained between MXene flakes after the filtration, leading to larger c-LP. 
In this case, charged polymers exhibited the strongest interaction (see upcoming FTIR and XPS 
discussion), thus a large amount of the P3 polymer remained between MXene layers leading to a 
large c-LP, while very little amount of non-polar polymers was incorporated.  
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Figure 57: (a) Low-magnification SEM image of a P3@Ti3C2Tx film. (b) XRD patterns of the hybrids and pristine 
Ti3C2Tx. The c-LP for each hybrid is mentioned on top of the corresponding XRD pattern. (c) TEM micrograph of 
few layers of pristine Ti3C2Tx, (d) TEM image of aligned P3 chains (bright layers) between Ti3C2Tx (dark layers). 
Fluorescence microscopy images of (e) P2@Ti3C2Tx, and (f) P3@ Ti3C2Tx. 
The presence of P3 polymer between the Ti3C2Tx flakes is further confirmed by the cross-
sectional TEM (Figure 57c, d). It is obvious from Figure 57d that polymer chains (bright layers) 
are aligned and confined between Ti3C2Tx layers (dark layers). It is reasonable to believe that the 
self-assembly starts in the solution due to positively charged lateral chain functionalities of P3, 
which electrostatically attaches to MXene. To support further the higher extent of P3 intercalation 
160 
 
compared to P2, which is mostly adsorbed on the surface, we performed fluorescence microscopy 
on P2 and P3 polymer hybrids. The obtained top view micrographs evidenced the presence of 
segregated fluorescent clusters (P2) on a black background (MXene) in P2@Ti3C2Tx, while in 
P3@Ti3C2Tx the fluorescent emission is diffused more uniformly on the whole surface (Figure 
57e, f). Further synthesis details of polymers and hybrids are provided in the experimental section.  
To further gain insights into fundamental chemical and physical interactions that dictate 
the formation of the MXene/polymer architecture, it is necessary to probe the functionalities that 
induce peculiar interactions with polymers.  We tried to do this task by using various spectroscopic 
tools. We performed FTIR spectroscopy on all the samples (Figure 58a-d). The FTIR spectra of 
P1 and P1@Ti3C2Tx films (Figure 58a) show no obvious changes in the P1@Ti3C2Tx spectrum 
which is due to low polymer content and least interaction of the P1 with MXene. The absence of 
the DMSO in the P1@Ti3C2Tx hybrid film is clear due to diminished distinct DMSO peaks. 
Moreover, the FTIR spectrum of the pristine Ti3C2Tx film appeared featureless in this range. The 
peaks (in cm-1) in Figure 58a are assigned as: 812 (νs CH), 1255 (ν CO), 1456 (νs CH3), 2853 (νs 
CH3), 2926 (νas CH2), 3023 and 3060 (ν CH, aromatic).[100,330–332] The P2@Ti3C2Tx showed some 
interaction, deduced from the appearance of the weak peaks associated with P2 and presence of 
the CN vibrations at 1166 and 1260 cm-1 (Figure 58b).[333] The peaks in Figure 58b (in cm-1) are 
assigned as: 812 (νs CH), 1166, 1260 (ν CN), 1375 (νas CH3), 1450 (νs CH2), 2853 (νs CH3), and 
2926 (νas CH2).[56,330–333] 
In sharp contrast to P1 and P2, FTIR spectra of the P3@Ti3C2Tx film (Figure 58c) exhibited 
most of polymer peaks, which confirmed the presence of a large amount of the P3 polymer in the 
sample (~10 wt%). The plausible factor for presence of P3 polymer in larger amounts seems the 
charged quaternary ammonium end group of the P3 polymer. Interestingly, when we magnified 
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the Figure 58c from 1150-1550 cm-1 (green dashed lines Figure 58c), we saw strong blue shifts in 
the P3@Ti3C2Tx spectrum. Most important, the largest shifts were associated with the cationic 
ends of the P3 polymer (Figure 58d). Qualitatively, this suggests that the cationic end of the P3 
polymer plays a crucial role in interaction with the Ti3C2Tx surface. The peaks in Figure 58c and 
d are assigned as (in cm-1):[330–333] 812 (νs CH), 965 (ρ CH2), 1257 (ν CN), 1377 (δs RCH3), 1402 
(δs CH3N+), 1415 (ν HN+), 1457 (ν CH), 1480 (δa CH3N+), 2853 (νs CH3), 2926 (νas CH2), 3007 
and 3060 (ν CH).  
Figure 58: FTIR spectra of the polymers and hybrid films: (a) P1, polymer bearing non-polar end (below, black line) 
and P1@Ti3C2Tx (above, red line). (b) P2, polymer with polar nitrogen (below, black line) and P2@Ti3C2Tx (above, 
red line). (c) P3, polymer with the polar charged nitrogen end (below, black line) and P3@Ti3C2Tx (above, red line). 
(d) Zoom in on the finger print region of Figure c (green area, Figure 44c) to show the peak shifts due to interaction 
of P3 charged ends with the Ti3C2Tx surface. 
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Two plausible interactions are possible at the organic-inorganic interface: (1) electrostatic 
interactions, due to presence of charged nitrogen-containing group (CH3—N+) and (2) hydrogen 
bonding with the surface functional groups (O or F) of Ti3C2Tx. Since P3 has bulky methyl end 
groups, they act as a spacer and keep cationic nitrogen center away from the surface functional 
groups of Ti3C2Tx, thus hydrogen bonding is less likely to be the dominant interaction.[334] On the 
other hand, the hindrance of hydrogen bond formation promotes flexible orientation of the cationic 
end groups at the Ti3C2Tx surface with higher lateral mobility and higher diffusion rates between 
the MXene layers.[334,335] This qualitative description can be extended to explain delamination of 
various MXenes using TBAOH or other organic bases,[326–328] where a charged nitrogen-
containing group is surrounded by large CnHm groups, leading to higher mobility, larger spacing 
between MXene layers (Figure 57b) and delamination of MXene.  
Raman spectroscopy was further used to elaborate the PFO/MXene interactions. Raman 
spectra for all samples were recorded in the wavenumber range from 150 to 3000 cm-1. We did not 
see any peaks beyond 1800 cm-1, therefore, we set it as a cutoff Raman shift (Figure 59a-c). The 
Raman spectra of the Ti3C2Tx, P1 and P1@Ti3C2Tx are shown in Figure 59a. Both P1 and Ti3C2Tx 
exhibited their typical bands.[68] A sharp peak in the P1 spectrum is associated with phenyl ring 
vibrations of the P1.[52] It is obvious that P1@Ti3C2Tx spectrum is dominated by the Ti3C2Tx with 
a negligible signature of P1. This confirms that most of the polymer was filtered out during 
washing because of weak or no interaction with MXene.  
In a comparable way, when P2@Ti3C2Tx film spectrum was analyzed, in addition to the 
Ti3C2Tx peaks, weak P2 signatures were seen, confirming a weak interaction between P2 and 
Ti3C2Tx surface (Figure 59b). Unlike P1@Ti3C2Tx and P2@Ti3C2Tx spectra, P3@Ti3C2Tx 
exhibited strong signatures of both P3 and Ti3C2Tx, which shows the presence of large amount of 
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P3 between the layers or on the surface. All peaks of the P3@Ti3C2Tx were broadened and shifted 
(Figure 59c), confirming P3 polymer interaction via the charged ends and confinement between 
the MXene layers, consistent with previous studies on polyamide, polyaniline and other polymer-
clay hybrids.[336–338] Thus, both FTIR and Raman spectra corroborated that the charged nitrogen-
containing functionalities may be responsible for the interaction of polymers with Ti3C2Tx.  
 
Figure 59: Raman and XPS spectra of the hybrid films: (a) Raman spectra of Ti3C2Tx film (below, black line), P1 
polymer bearing non-polar end (middle, red line) and P1@Ti3C2Tx (up, blue line). (b) Raman spectra of Ti3C2Tx film 
(below, black line), P2 polymer bearing polar nitrogen end (middle, red line) and P2@Ti3C2Tx (up, blue line). (c) 
Raman spectra of Ti3C2Tx film (below, black line), P3 polymer bearing charged polar nitrogen end (middle, red line) 
and P3@Ti3C2Tx (up, blue line). (d) XPS spectra of N 1s region for Ti3C2Tx, P3, and P3@Ti3C2Tx further confirmed 
that charged ends in polymer matrix are crucial for the charge transfer interactions. 
XPS analysis was performed to evaluate changes in the surface chemistry of the 
P3@Ti3C2Tx and Ti3C2Tx. Figure 59d shows a shift to a lower binding energy (BE) of the nitrogen 
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species in P3 after intercalation (P3@T3C2Tx), showing a shift to a lower oxidation state of the N 
species. The shift in the N 1s peak to lower BE is due to the bonding of the nitrogen species to an 
electron donor (MXene). Similar BE shift in the N 1s peak is shown when comparing the nitrogen 
species in (-C6H5NH-)n[339] and TiN,[340] where the shift is ~ 4 eV. XPS spectra of the C1s region 
for Ti3C2Tx, P3 and the hybrid is further shown in Figure 60. 
 
Figure 60: XPS spectra of the C1s region for Ti3C2Tx, P3 and P3@Ti3C2Tx hybrid. 
 The C1 region for Ti3C2Tx can be fit by a main peak which belongs to carbon bonded to 
Ti in MXene and several other peaks belonging to surface contaminations: C-C, and C-O similar 
to our previous study.[130,341] As for the polymer the C 1s region can be fit by three peaks 
corresponding to carbon in aromatic structure, carbon in aliphatic structure and carbon bonded to 
nitrogen in that polymer.[342] As for the hybrid, the C 1s region contains the peak corresponding to 
C bonded to Ti in MXene as well as peaks that can be attributed to either surface contamination 
and/or the polymer. 
To further understand how P3 interacts with Ti3C2Tx, we calculated the total chemical 
compositions for the Ti3C2Tx and P3@Ti3C2Tx using the approach described in our earlier 
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work.[130,341] It is important to note that Ti3C2Tx samples were manufactured by etching Ti3AlC2 in 
LiF + HCl, as described previously.[73] Therefore, Li ions were present between MXene layers and 
on the surface of MXene flakes in solution. The following compositions were determined by XPS: 
For the Li-Ti3C2Tx: 0.2Li-Ti3C1.9O0.3(OH)0.3F0.6(H2Oads.)0.2 
For the P3@Ti3C2Tx: 0.14N-0.07Li-Ti3C1.7O0.3(OH)0.3F0.5(H2Oads.)0.2 
As known earlier, we found O, F and OH terminations, in addition to adsorbed water.[68,130] 
Since hydrogen bonding is prohibited by the bulky methyl groups of P3, the dominant processes 
appear to be electrostatic and ion exchange. It is obvious from the formula that all the surface 
terminations stay the same, except for the –F that has been reduced slightly, while the Li ions 
content has been reduced from 0.2 to 0.07 moles per mole of Ti3C2Tx. After interaction with P3, 
the sum of Li ions and N moles is equal to the number of moles of Li ions in Ti3C2Tx suggesting 
that the polymer replaced Li+ between MXene layers. It has been shown that cation exchange can 
take place in MXenes. For instance, Ren et al.[130] showed that treating Li-Ti3C2Tx with CuSO4 
resulted in replacing the Li with Cu ions, which catalyzed the oxidation of MXenes. Similarly, 
Ghidiu et al. fully exchanged Li ions with K, Na, Rb, Mg and Ca ions.[343] Thus, after mixing with 
P3 in solution, the amount of Li ions is reduced and they are replaced by charged N-containing 
polymer ends, and this is where the polymer attaches to the MXene flakes. The suggested 
mechanism is based on the change in the BE of the N 1s species as well as the reduction of the Li 
species, this is like other work where it was shown that Li species intercalated in Ti3C2Tx was 
replaced by K or Rb species when immersed in their chloride solutions, we suggest that similar 
process is occurring here where Li is being replaced by the polymer P3 where the polymer is 
interacting with the MXene via the nitrogen species. We further think that LiBr formation takes 
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place, as confirmed by XPS data which shows a decrease of Li content and a corresponding 
increase in N percentage. 
(b) Effect of polymer polarity on electrochemical performance of MXene 
We have shown previously that intercalation of the organic materials, metal cations, as well as 
insertion of carbon nanoparticles between MXene layers leads to an increase in capacitance due to 
improved ion accessibility.[74,137,183,283] In this work, we have observed an increase in interlayer 
spacing as well as strong interaction of the P3 with Ti3C2Tx. This encouraged us to further explore 
as-synthesized free-standing P3@Ti3C2Tx ‘paper’ as a supercapacitor electrode. The CV curves of 
the P3@Ti3C2Tx films (Figure 61a) tested in 1 M H2SO4 exhibited pseudorectangular CVs at scan 
rates between 2 and 100 mV/s. The deviation of CV curves from the rectangular shape, typical for 
double-layer charge storage,[4,54] indicates pseudocapacitive behavior of the hybrid film due to 
change in Ti oxidation state.[236,344] It is worthy to mention that voltage window of the MXene 
electrodes can usually be extended further to lower negative potentials,[73,74,137] however, the CVs 
of the P3@Ti3C2Tx hybrid showed hydrogen evolution below -0.2 V. This again suggests an 
interaction with a possible charge transfer between P3 and Ti3C2Tx.  
To further examine the interaction-dependent charge storage performance, CV curves of 
the P3@Ti3C2Tx were compared with pristine Ti3C2Tx, P1@Ti3C2Tx and P2@Ti3C2Tx hybrid films 
at 20 mV/s (Figure 61b). The P3@Ti3C2Tx electrodes exhibited expanded CVs compared to 
pristine Ti3C2Tx, P1- and P2-based hybrid films. The shape of the CVs of P1 and P2 was like that 
of pristine Ti3C2Tx, but the capacitance values are somewhat lower. The area under the curve for 
P3@Ti3C2Tx is significantly larger than other films, indicating a higher capacitance, which most 
likely originates from the charge transfer interactions of P3 with the conductive Ti3C2Tx layers or 
a larger opening between MXene layers that allows easier access of protons to MXene surfaces 
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(Figure 57). In addition, fluorescence micrographs (Figure 57e, f) show that P2 is segregated while 
P3 is uniformly mixed with the MXene, further explaining the high capacitance of the P3 polymer 
containing hybrid electrodes. 
 
Figure 61: Electrochemical characterization of PFO-MXene hybrid electrodes in 1 M H2SO4: (a) CVs, of P3@Ti3C2Tx 
electrodes at scan rates between 2-100 mV/s. (b) Performance comparison of P1, P2 and P3@Ti3C2Tx electrodes. (c) 
GCD curves of a P3@Ti3C2Tx electrodes at various current densities. (d) Rate performance of optimized composition 
and comparisons of their capacitances with previously reported Ti3C2Tx based electrodes. The compared electrodes 
were either thinner or equal to the current study except PPy@Ti3C2Tx electrodes (13 µm). (e) Impedance spectra of 
pristine Ti3C2Tx and P3@Ti3C2Tx electrodes. (f) Cycle life performance at low (inset, 20 mV/s, 3000 cycles, red line) 
and high scan rates (100 mV/s, 10000 cycles, black line) showing an stable performance at both scan rates. 
 The GCD curves at various current densities (5, 10, 12, 15, and 20 A/g) exhibited nearly 
triangular plots (Figure 61c), which show high reversibility and excellent coulombic efficiency 
(~100%), after P3 juxtaposition. The performance of the P3@Ti3C2Tx electrodes at scan rates 
between 2 and 100 mV/s is shown in Figure 61d and compared with the literature data. The 
gravimetric capacitance of the P3@Ti3C2Tx electrodes exceeds 380 F/g at 2 mV/s, which 
corresponds to the volumetric capacitance of 1026 F/cm3 (d = 2.70 g/cm3), which is close to that 
of MXene/PPy electrodes[183]: one of the highest values for any pseudocapacitive material. The 
gravimetric capacitance is more than twice that of PVA/Ti3C2Tx hybrid and more than 1.5 times 
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higher than the highest reported capacitance of the pristine Ti3C2Tx film (245 F/g, 2 mV/s).[73] The 
highest gravimetric capacitance of the P3@Ti3C2Tx was lower (mostly at low scan rates) when 
compared with the PPy/Ti3C2Tx electrodes due to a larger pseudocapacitive contributions from 
PPy.[183] However, when scan rate was increased from 5 to 100 mV/s, PPy and P3 hybrids exhibited 
nearly similar capacitance values. The high capacitance loss for PPy/MXene hybrid electrodes was 
attributed to PPy’s inherent challenge of doping-undoping process during the redox process.[183] It 
is known that the presence of quaternary-N offers pseudocapacitive character and assists in charge 
percolation to improve the electrochemical performance.[345,346] Since, P3 contains quaternary-N 
on side chains, thus enhanced capacitance stems from the pseudocapacitive contributions of the 
quaternary-N redox reactions and better charge transfer kinetics at the organic-inorganic hybrid 
interface,[345,346] which led to overall improved electrochemical performance of the P3@Ti3C2Tx 
hybrid electrodes. Thus, excellent electrochemical performance of P3@Ti3C2Tx hybrid is due to 
synergistic impact of P3 intercalation, therefore better proton accessibility, and pseudocapacitive 
contributions of the P3 polymer. Furthermore, the pseudocapacitance character of the P3 polymer 
is apparent when compared with previously reported PVA/MXene hybrid electrodes in which the 
same polymer electrolyte content (10 wt%) improved capacitance by only 55 F/g compared to its 
pristine MXene counterpart.[137] While PVA is poorly conducting and shows no redox activity, the 
improved capacitance was attributed to the expansion of layers due to PVA intercalation. 
Compared to the PVA/MXene hybrid, the capacitance improvement in the P3@Ti3C2Tx hybrid is 
more significant (Figure 61d), which again confirms a pseudocapacitive contribution of the P3 
polymer, similar to PPy/Mxene electrodes.[183] The polymer-induced changes in the electrical 
resistance and diffusion limitations of the electrodes were investigated by the impedance 
spectroscopy (Figure 61e). The Nyquist plot of the pristine Ti3C2Tx electrodes exhibited a 
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negligible semicircle and low charge transfer resistance. Although, the hybrid film showed no 
semi-circle and a lower charge transfer resistance value in the high-frequency region, it displayed 
a lower slope in the low frequency region of the Nyquist plot, best known as Warburg region, than 
Ti3C2Tx electrodes.[34] This is an indicative of a slower diffusion of protons in the P3@Ti3C2Tx 
film, presumably due to presence of the P3 molecules between the Ti3C2Tx layers, and may explain 
the capacitance decay of polymer-containing films at higher scan rates.  
 A typical problem with polymer-based electrodes is their poor cyclic ability and a limited 
lifetime.[263] We performed cycle life tests at scan rates of 20 and 100 mV/s. We first cycled our 
electrode at 20 mV/s up to 3000 cycles, and did not see any change in capacitance (Figure 61f, 
inset). Another film was then tested at a higher scan rate of 100 mV/s up to 10,000 cycles, and a 
stable performance was seen at this scan rate as well (Figure 61f). The identical CVs at 1000th and 
10,000th cycles further confirmed the high stability of the P3 polymer confined between the 
conductive MXene layers.[347] When compared with the other organic materials composited with 
various carbons and other 2D materials, P3@Ti3C2Tx exhibited excellent cycling performance 
(Table 6). This is due to aligned and well confined polymer chains between the highly conductive 
Ti3C2Tx layers, which is a favorable electrode architecture for ionic and electronic transport.[137,183] 
The excellent cycling capability of the MXene-based polymer hybrids indicates that MXene helps 
to overcome the poor cycling of the organic materials, allowing sustainable long-term energy 
storage applications. It is important to point out that pristine Ti3C2Tx also offers good cycling 
stability.[73,283]  
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Table 6: Cycling stability of the organic hybrid materials in comparison with the P3@Ti3C2Tx material. 
Reported electrode 
material 
Electrolyte 
Scan rate or 
current density 
Cycling stability (% 
retention after cycles) 
Ref. 
PANI paper/Graphene 1 M H2SO4 5 A/g 82 (1000) 
[160] 
PANI 
nanofibers/Graphene 
1 M H2SO4 3 A/g 79 (800) 
[163] 
MoS2/PPy 1 M H2SO4 1 A/g 90 (500) 
[43] 
CNT/PPy-NW 1 M KCl 1 A/g 85 (1000) [348] 
Carbon 
nanofoam/PEDOT 
0.1 M 
LiClO4 
1 A/g 14 (10000) [349] 
PQ/OLC 1 M H2SO4 200 mV/s 90 (10000) 
[109] 
Catechol/AC 1 M H2SO4 7.5 A/g 75 (10000) 
[97] 
PPy/Ti3C2Tx 1 M H2SO4 100 mV/s 92 (25000) 
[183] 
PANI/MOF 1 M H2SO4 1 A/g 90 (100) 
[350] 
MoS2/PANI 1 M  H2SO4 3 A/g 79 (6000) 
[351] 
HQ/Graphene 1 M H2SO4 10 A/g 86 (10000) 
[256] 
MoS2/PPy 1 M KCl 1 A/g 85 (4000) 
[352] 
MoO3/PANI 1 M  H2SO4 20 mV/s 50 (200) 
[162] 
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P3@Ti3C2Tx 1 M H2SO4 
20 mV/s 
100 mV/s 
100 (3000) 
100 (10,000) 
Current 
work 
 We have synthesized polyfluorene derivatives referred here as P1, (poly(9,9-
dioctylfluorene), poly[(9,9′-bis(3″-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene)]), P2, poly[(9,9′-bis(3″-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene)] and P3, poly[(2,7-(9,9′-dioctyl)fluorene)-alt-(2,7-(9,9′-bis-(5″-
trimethylammonium bromide)pentyl)fluorene)] with different lateral chain functionalities in order 
to understand the interaction chemistry of a representative member of MXenes family, Ti3C2Tx.  
Characterization using XRD and various spectroscopic tools suggests that polymers bearing 
charged nitrogen-containing groups (P3) juxtapose Ti3C2Tx layers, hence expanding the interlayer 
spacing better than non-polar (P1) and polar but neutral (P2) polymers. TEM results showed that 
the P3 polymer is confined between the Ti3C2Tx layers. A strong shift in FTIR and XPS peaks 
suggests that charged ends of the polymers play a crucial role in chemical interaction with MXene 
surfaces, and most likely assist in the intercalation process. The P3@Ti3C2Tx hybrid exhibited 
improved gravimetric and a very high volumetric capacitance, along with excellent capacitance 
retention at both low and high scan rates. We attribute this to improved accessibility of the MXene 
surface to protons due to pillaring of the Ti3C2Tx layers by polymer chains. The results presented 
here may guide the design of new organic-inorganic hybrid materials with well-defined properties 
for high capacity energy storage applications and beyond. We stress that low molecular weight 
polymers with redox functionalities can assist in intercalation process and provide a high redox 
capacitance for energy storage applications. 
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3.2.5.3 MXene-discrete organic hybrids 
As we noted earlier, MXene offers reactive surface chemistry. To manufacture next-generation 
organic-MXene multifunctional hybrid materials, it is crucial to understand the interaction of small 
organic molecules which serve as building blocks for macromolecules with MXene and probe the 
effect of interaction on chemical and electrochemical properties at fundamental level. To 
accomplish this task, we selected four small redox active organic compounds, namely 1,4-
benzenediol (HQ), 1,4-benzenedithiol (Th), 1,4-phenylenediamine (PPD), and N, N, N′, N′-
Tetramethyl-p-phenylenediamine (TMPD).  
  
Figure 62: Schematic illustration of various organic molecules interaction with Ti3C2Tx layers. Selected organic 
molecules have same aromatic ring but differ based on their end group element. Our choice of elements was N, S, O, 
and tertiary-N-containing molecules.   
(a) Effect of end-group on morphology, interlayer spacing, and surface 
chemistry of MXene 
Figure 62 shows the schematic of our approach to study the interaction mechanism of Ti3C2Tx 
layers with small organic molecules having the same π-conjugated backbone but different end-
groups. Our choice of molecules was since majority of organic compounds have oxygen (O), 
nitrogen (N) or sulfur (S) functionalities, therefore, by studying the interaction/intercalation of 
molecules having these end groups with MXene will provide a systematic guide to develop 
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complex organic-MXene heterostructures in future. Other reasons to select these molecules were 
1) their structural similarity, as all molecules have single aromatic ring, 2) their ability to offer 
nearly similar redox behavior, 3) because they serve as the building blocks for most of the redox 
active organic molecules, 4) they can be simulated using low computing cost, and 5) If intercalated, 
they may serve as molecular spacers to keep MXene sheets apart, which may lead to better 
electrochemical performance.    
  
Figure 63: (a) Digital photographs of the films based on physical mixing with colloidal suspension of Ti3C2Tx. Except 
HQ-treated film, all other films appeared relatively brittle. (b) Low-magnification TEM image of PPD@Ti3C2Tx film 
showing aligned organic layers (bright layers). (c) XRD patterns of pristine and organic molecule intercalated films, 
showing effect of end-group on c-LP expansion.     
To manufacture hybrids of target organic molecules with MXene, we mixed organic 
molecules with the colloidal suspension of MXene in an optimized weight ratio of 2.4:1. After 
overnight mixing, filtered solutions gave free-standing organic-MXene films. All films were fairly 
brittle, except HQ-containing hybrid films (Figure 63a). The cross-sectional TEM image (Figure 
63b) of PPD@Ti3C2Tx shows that PPD is confined and aligned between the MXene sheets. XRD 
pattern (Figure 63c) show that end-group of the organic molecule has a significant impact on 
expansion of c-LP of the MXene. Small downshift in the (0002) peak from 24.54 Å to 25.23 Å 
was seen in HQ@Ti3C2Tx hybrid film. Contrary, the shift in the (0002) peak was over 10 Å for 
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tertiary amine-containing hybrid film (i.e., TMPD@Ti3C2Tx). XRD results suggest that order of 
intercalation of organic molecules is end-group dependent (O > S > primary N > tertiary N).  Our 
systematic study shows that the trend of the increase in the c-LP follows the nature of end-group 
of the organic molecules.  
 
Figure 64: FTIR spectra of organic molecules/Ti3C2Tx films: (a) Hydroquinone, HQ, (below, black line) and 
HQ@Ti3C2Tx (up, red line). (b) p-Phenylenediamine, PPD, (below, black line), and PPD@Ti3C2Tx (up, red line). (c) 
N, N, N′, N′-tetramethyl-p-phenylenediamine, TMPD, (below, black line) and TMPD@Ti3C2Tx (up, red line). (d) 1, 
4-benzenedithiol, Th, (below, red line) and Th@Ti3C2Tx (up, red line). 
Effect of organic molecules on structure and surface chemistry of Ti3C2Tx was probed by 
FTIR and Raman Spectroscopies. The FTIR spectra of HQ and HQ@Ti3C2Tx (Figure 64a) showed 
few bands like HQ without significant shift or appearance of any new peaks, which is likely due 
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to some residual HQ molecules trapped between MXene sheets. The HQ showed bands at ~3225, 
1646, 1514, 1437, 1352, 1260, 1207, 1190, and 1095 cm-1 which may correspond to O–H 
vibrations, C=O stretching, C=C stretching, CH2 bending, CH2 wagging, C–O stretching, C–OH 
stretching, C–O stretching, and C–O–C stretching vibrations, respectively.[52,353–356] 
Opposed to HQ-containing FTIR spectrum, PPD@Ti3C2Tx hybrid (Figure 64b) showed 
different behavior, revealing new and broadened peaks. The bands in PPD spectrum at ~3373, 
3301, and 3198 cm-1 are assigned to N–H stretching modes of PPD.[357]  The bands at ~1628, and 
1513 cm-1 are assigned to C=N, C=C stretching vibrations in phenazine structure, 
respectively.[357,358] The ones at ~1310, 1257 cm-1 are likely due to C–N stretching of PPD 
units.[359] The peaks at ~1122, and 823 cm-1   corresponds to C–N stretching, and C–H out of plane 
bending vibrations.[360] The new peaks at ~2923 and 2854 cm-1 are due to asymmetric and 
stretching =CH2 vibrations. The fact these peaks are absent in PPD may indicate that PPD 
monomer units are linked together as shown previously when PPD was polymerized by 
conventional oxidative polymerization.[360] The appearance of new peak at ~1609 cm-1 is ascribed 
to –N–H deformation.[361] The peak observed at ~1292 cm-1 is related to the C–N stretching 
vibration of the benzenoid ring.[362] The band located at ~1106 cm-1 indicates that the 
oligomeric/polymeric chains are doped (conductive).[56,154] The peak at ~833 cm-1 can be assigned 
to out-of-plane deformation of C–H on a tetrasubstituted benzene ring, confirming phenazine 
skeleton of the polymer.[358] 
TMPD bands (Figure 64c) shown at ~2945, and 2874 cm-1 are assigned to C–CH3 
stretching vibrations. [347,363] The bands at ~2827 and 2780 cm-1 are due to –N–CH3 vibrations in 
TMPD ring.[363] Other TMPD bands were found at ~1612, 1517, 1314, 1211, 1175, 1127, 1055, 
951, and 818 cm-1 which can be ascribed to –C=N vibrations, –N–H bending vibrations, C–N 
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stretching, C–C vibrations, C–N stretching vibration, C–H in plane deformation, C–H vibrations, 
CH2 rocking vibrations, and C–H out of plane bending vibrations, respectively.[364–367] The hybrid 
spectrum of the TMPD@Ti3C2Tx (Figure 64c) exhibited additional bands at ~2923, 2854, 1557 
cm-1 which are assigned to asymmetrical C–H stretching vibration, symmetrical C–H stretching, 
and N–H bending.[364,365] The bands are ~1356, 1288, and 1314 cm-1 are assigned to C–N stretching 
vibrations, respectively.[364,368,369] The bands at ~1223 and 1165 cm-1 appeared due to stretching 
vibrations C–N+• in polaron structure, and C–H bending vibration of quinonoid ring, 
respectively.[368]  1,4-benzenedithiol (Th) exhibited very sharp peaks at ~2556, 1470, 1392, 1106, 
1009, 905, and 808 cm-1 which are assigned to  S–H vibration, C–C ring stretching, C–H stretching 
vibration, aryl ring vibrations, benzene thiol vibrations, S–H vibration, and C–H out of plane 
bending modes, respectively (Figure 64d).[370–373] Fermi resonance was observed for 1106 and 808 
cm-1 bands. The absence of S–H vibration bands at ~2556 and 905 cm-1 in the Th@Ti3C2Tx hybrid 
spectrum give hint that S–H groups may have broken, presumably, due to catalytic reactions with 
Ti3C2Tx intrinsic chemistry.[183]  
The Raman spectrum of HQ@Ti3C2Tx (Figure 65a) was dominated by Ti3C2Tx peaks with 
few signature peaks from residual HQ appeared at ~1166, 1255, and 1558 cm-1. Raman spectrum 
of PPD@Ti3C2Tx showed different behavior compared to HQ@Ti3C2Tx and PPD monomer 
(Figure 65b). The PPD@Ti3C2Tx spectrum is dominated by the poly(PPD) peaks as reported 
previously based on conventional oxidative polymerization of PPD monomer. [56,357,360,374,375] The 
peaks at ~1597, 1558, and 1519 cm-1 are ascribed to C–C deformation of quinoid rings, C–C 
deformation of benzenoid rings, N–H bending deformation modes, respectively.[374,375] The peaks 
at ~1421, 1361 cm-1 are attributed to C–N+ stretching modes of the delocalized polaronic charges 
carriers.[357,360] The peaks at ~1226, 1177, and 834 cm-1 are due to C–N stretching of polaronic 
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units, quinoid ring vibrations, and deformative vibrations of the polymer amine groups, 
respectively.[56,360,374]  
 
Figure 65: Raman spectra of organic molecules/Ti3C2Tx films: (a) Ti3C2Tx film (below, black line), hydroquinone, 
HQ, (middle, red line) and HQ@Ti3C2Tx (up, blue line). (b) Ti3C2Tx film (below, black line), p-Phenylenediamine, 
PPD (middle, red line) and PPD@Ti3C2Tx (up, blue line). (c) Ti3C2Tx film (below, black line), N, N, N′, N′-
tetramethyl-p-phenylenediamine, TMPD (middle, red line) and TMPD@Ti3C2Tx (up, blue line). (d) Ti3C2Tx film 
(below, black line), 1 4-benzenedithiol, Th (middle, red line) and Th@Ti3C2Tx (up, blue line). 
TMPD@Ti3C2Tx Raman spectrum (Figure 65c) showed shared peaks between TMPD and 
Ti3C2Tx. TMPD@Ti3C2Tx hybrid showed broad peaks at 1152, 1342, and 1619 cm-1 which can be 
ascribed to TMPD amine groups, C–N stretching, and C–C ring stretching, respectively.[376] 
Th@Ti3C2Tx Raman spectrum (Figure 65d) showed joint character of Ti3C2Tx (before 750 cm-1) 
and 1,4-benzenedithiol (after 750 cm-1). However, the bands in the hybrid spectrum are very broad 
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for both Ti3C2Tx and 1,4-benzenedithiol, and shifted. For instance, band at 1063 cm-1 which is due 
to C–S stretching shifted to 1071 cm-1, showing interaction between both parts of the hybrid.[377] 
The other bands at 1182 and 1580 cm-1 also appeared broad and are ascribed to C–H 
bending and C–C stretching, respectively.[377]  Notably, S–H peaks at 908 and 2556 cm-1 (marked 
green) were not present in the hybrid spectrum, corroborating FTIR spectroscopy results. 
Previously, the breaking of S–H bonds from 1,4-benzenedithiol on gold has been reported.[378] 
MXene has also shown catalytic behavior when combined with other organic molecules, such as 
PPy.[183] Here, it is likely that S–H bonds were removed due to catalytic behavior of Ti3C2Tx, and 
1,4-benzenedithiol bound between Ti3C2Tx sheets. 
 (b) Adsorption, interaction, and charge transfer mechanism of organic 
molecules of varying end-groups on MXene  
 
Figure 66: DFT-optimized geometries of PPD@Ti3C2Tx in various configurations. Binding energy of each 
configuration is mentioned with the optimized geometries.   
DFT calculations were further used to gain fundamental understanding of adsorption, interaction, 
and charge transfer mechanisms. Experimentally, PPD showed entirely different behavior 
compared to other three organic molecules, we used it as a model system to further explore in 
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detail. We first tried to understand the PPD adsorption mechanism on the surface of Ti3C2O2. To 
do it, we considered seven different configurations (Figure 66), where p (I, II, III) and v (I, II, III, 
IV) refer to parallel and vertical orientations. The binding energies of PPD on the surface of 
Ti3C2O2 are calculated using the following relation: 
EBE = EMXene+PPD − (EMXene + EPPD), 
 
Figure 67: DFT-optimized most stable configurations of p-Phenylenediamine, (top), 1,4-benzenedithiol (middle), and 
hydroquinone (bottom) on Ti3C2O2. The calculated binding energies are mentioned below DFT-optimized 
configurations. 
where EBE, EMXene+PPD, EMXene, and EPPD are the total calculated binding energy of the hybrid, total 
energy of PPD adsorbed on MXene, total energy of MXene, and total energy of the PPD monomer. 
Based on the calculated binding energies which are shown with each DFT-optimized geometry, it 
turned out that parallel configurations are much stable than their vertical counterpart. With the 
lowest binding energy of -1.8 eV, pI appeared as the most stable configuration for the PPD. This 
binding energy is significantly higher compared to previously reported organic@MXene hybrids, 
showing strong interaction of PPD molecules with MXene.  
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Based on these findings, we further explored the adsorption mechanism of Th and HQ 
molecules in three parallel configurations on MXene (Figure 67). For both Th and HQ, the most 
stable configuration with lowest binding energies were pI, resulting binding energies values of -
1.2 and -1.05 eV, respectively. These values are lower than PPD, confirming that PPD has better 
affinity towards MXene surface. From our DFT calculations, the order of binding strength of 
organic molecule having end-groups O, S and N is found to be O>S>N.  
To elucidate the origin of the high binding energies of organic molecules with MXene, and 
to understand the charge transfer mechanism, we calculated the exchange of electrons using Bader 
analysis (Figure 68).[379] We found that there were 0.86, 0.47, and 0.41 electrons transferred from 
PPD, Th, and HQ to Ti3C2O2, respectively. High number of electron exchange from PPD to MXene 
may be a strong reason of polymerization of PPD in absence of oxidants, like earlier described 
MXene-induced polymerization of heterocyclic organic compounds (e.g., PPy and PEDOT). The 
order of charge transfer followed the order of binding energies (i.e., O>S>N).     
 
Figure 68: Charge transfer from organic molecules of distinct end-groups to Ti3C2O2. 
(c) Effect of intercalation/interaction of small organic molecules on charge 
storage performance of MXene  
The charge storage performance of as-produced hybrid films (~13-15 µm) was tested in a three-
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electrode configuration in 3 M H2SO4 (Figure 69). All films showed pseudocapacitive behavior 
with pronounced redox peaks of MXene mainly due to change in titanium oxidation state.[75] The 
intercalated samples showed better capacitance at high scan rates due to expanded layers where 
ions can move freely at high scan rates.[23] HQ-based film showed slightly better capacitance than 
its pristine counterpart likely due to its rapid redox reactions in protic electrolytes. Nevertheless, 
the effect of interlayer spacing on capacitance was mostly seen at high scan rates. By further 
optimizing electrodes, it may be possible to achieve high capacitance at both low and high rates.     
 
Figure 69: Cyclic voltammograms of (a) pristine Ti3C2Tx films. (b) TMPD@Ti3C2Tx. (c) PPD@Ti3C2Tx. (d) 
HQ@Ti3C2Tx. (e) Th@Ti3C2Tx. (f) Corresponding rate performance. 
3.2.5.4 Covalent vs. non-covalent functionalization of MXene using redox-
active molecules  
We have shown in earlier sections that nanoscale design of materials, such as the incorporation of 
polymers/organic molecules into MXene layers, is a promising route for further expanding the 
applications of MXenes by manufacturing functional hybrid materials with useful chemical, 
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physical, and electrochemical properties. 2D materials like graphene and MoS2 aggregate through 
van der Waals interactions in polymer matrices. Unlike graphene, MXenes offer high conductivity 
in combination with reactive surface chemistry and hydrophilicity, which may give a unique 
platform for the functionalization of MXene surfaces to manufacture MXene-organic hybrids with 
controlled morphology, thickness, conductivity, and mechanical strength.   
 
Figure 70: Schematic illustration of 1-aminoanthraquinone (AQ) functionalization of Ti3C2Tx layers using (top) non-
covalent interaction based on physical mixing of AQ and Ti3C2Tx colloidal solution, and (bottom) covalent grafting 
using diazonium chemistry. 
The idea of functionalization MXene surface with redox-active organic molecules with MXenes 
is very intriguing. The former gives a high pseudocapacitance and the latter provides intrinsic 
capacitance, conductive and mechanically strong support. We have seen from our earlier experimental 
and theoretical results that simple quinones, such as hydroquinone, show little affinity towards MXene 
surfaces. We saw that by replacing carbonyl groups with —NH, for example in case of PPD, leads to 
unique polymerization and the mechanism involved is the transfer of electrons from PPD monomer to 
MXene. This motivated us to select different quinone having amino end-groups. Quinones are attractive 
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pseudocapacitive organic because of their fast 2-electron redox. Our choice was 1-aminoanthraquinone 
(AQ).[93] The reason of this selection was twofold: (1) to investigate the interaction mechanism of 
aminoquinones being different than HQ, and (2) to explore the opportunity to graft aminoquinones using 
diazonium chemistry. While pristine MXene have already shown a great promise for variety of 
applications, covalent functionalization of MXene can offer tremendous opportunities to tune MXene’s 
chemical, electronic, optical, mechanical, and electrochemical properties which can be valuable beyond 
energy storage. To best of our knowledge, this area is the least explored yet, and following work is the 
starting point towards this research direction. 
Figure 70 shows schematic routes of covalent and non-covalent functionalization of AQ on 
Ti3C2Tx MXene. AQ was mixed with Ti3C2Tx MXene colloidal suspension overnight to investigate its 
interaction mechanism. After filtration, free standing slightly brittle films were collected and analyzed. 
In case of covalent functionalization Ti3C2Tx surface, diazonium chemistry was carried out using tert-
butyl nitrite, like previous studies on carbon.[138] We did not see any physical change in the suspension 
after simple mixing, however, the suspension appeared slightly thick during covalent functionalization 
and fairly brittle film was filtered out for the further characterizations.   
 (a) Effect of covalent and non-covalent interactions on morphology, interlayer 
spacing and surface chemistry of MXene  
XRD pattern clearly exhibited downshift of in the (0002) peak from ~7.1° to ~6.2°, showing an increase 
of ~3.6° Å in the spacing between Ti3C2Tx layers (Figure 71a). While the shift in both cases appeared 
the same, the AQ@Ti3C2Tx (mixed) film showed narrow peak like MXene opposed to AQ@Ti3C2Tx 
(grafted) which appeared broad, confirming more ordered structure for the former and slight disorder 
for the later film.  
We further performed Grazing-Incidence Small-Angle X-ray Scattering at XRD beamline at 
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the Synchrotron Radiation Facility Elettra in Trieste (Italy)10 on AQ@Ti3C2Tx (mixed) film. Six orders 
of [0 0 2] direction is observable and quite registered showing remarkable orientation, confirmed by the 
presence in in-plane profile of (1 0 0) reflection. The limited expansion achieved with respect to pristine 
MXene is compatible with an insertion of two stacked layers of organic molecules, AQ or only one in 
standing up configuration based on the size of the AQ molecule (Figure 71b). 
  
Figure 71: (a) XRD patterns of the AQ@Ti3C2Tx hybrids produced by mixing (blue line) and grafting (red line) 
method, and pure Ti3C2Tx (black line). (b) OP (red line) and IP (black line) profiles extracted from 2D images of 
AQ@Ti3C2Tx hybrid film. Main (hkl) are showed by arrows. (c) FTIR spectra of AQ and AQ@Ti3C2Tx by physical 
mixing. (d) FTIR spectra comparing AQ@Ti3C2Tx (mixed) and AQ@Ti3C2Tx (grafted). (e-f) TEM images of 
diazonium coupled AQ@Ti3C2Tx hybrids. AQ (bright lines) appeared sandwiched between the MXene layers (dark 
lines).       
FTIR spectroscopy (Figure 71c) further is used to investigate the interaction of AQ with MXene. 
AQ showed sharp bands within range of 800-1663 cm-1. Unlike AQ, AQ@Ti3C2Tx (mixed) film 
showed broad bands after interaction with MXene at ~1893, 1815, 1663 cm-1 (carbonyl stretching),[380]  
1637, 1455 cm-1 (C=C)[381][382], and 1385, 1323, 1257, 1280 cm-1 (C-N vibrations).[56,382–384] The FTIR 
spectrum (Figure 71d) of AQ@Ti3C2Tx (grafted) film is largely dominated by a broad carbonyl peak. 
                                                            
10 These experiments were conducted by Dr. William Porzio (ISMAC, CNR) 
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Importantly, all the amino-group peaks were vanished after diazonium reaction, which involves removal 
of amino groups during grafting, and leaving behind grafted quinones on the surface. Or, their 
concentration became extremely low which was not detectable by the FTIR. This likely shows that 
diazonium reaction occurred on MXene surface. TEM images of the AQ@Ti3C2Tx (grafted) film in 
Figure 71e, f show coverage of MXene by AQ molecules, and, they are aligned (bright layers) 
between MXene layers (dark layers) (Figure 71f). 
  
Figure 72: Component peak-fitting of XPS spectra for Ti3C2Tx, (a-c) Ti 2p, C 1s, N 1s, (d-f) for AQ@Ti3C2Tx (mixed) 
Ti 2p, C 1s, N 1s and, (g-i) for AQ@Ti3C2Tx (grafted) Ti 2p, C 1s, N 1s regions. The various peaks under the spectra 
show likely presence of various moieties.  
XPS analysis (Figure 72) were conducted to figure out the surface chemistry of pristine 
Ti3C2Tx, AQ@Ti3C2Tx (mixed), and AQ@Ti3C2Tx (grafted) films and peaks are assigned similar 
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to previous report.[341] Three key changes may confirm the grafting of Ti3C2Tx surface by 
diazonium chemistry: (1) in Ti2p region of the MXene, the increase in peak intensity of ~459 eV 
peak confirmed that during diazotization reaction, partial oxidation of Ti3C2Tx takes place, leading 
to formation of TiO2. This was not the case for either mixed or pristine samples. (2) C 1s region 
of Ti3C2Tx exhibited two sharp peaks at ~284.7 and 282 eV, attributed to C-C and C-Ti-Tx, 
respectively. In AQ@Ti3C2Tx (mixed) sample, a slight increase in intensity of ~284.7 eV peak was 
seen. By contrast, in AQ@Ti3C2Tx (grafted) sample, ~284.7 eV peak showed a sharp increase, 
while the ~282 eV peak was suppressed. This increase in C-C peak intensity confirms the presence 
of AQ at the MXene surface. (3) Pristine Ti3C2Tx showed no peak in N 1s region. However, both 
AQ@Ti3C2Tx (mixed) and AQ@Ti3C2Tx (grafted) showed nitrogen peaks at ~400 and 400.55 eV, 
respectively. The peak in mixed sample is due to trapped/intercalated AQ molecules (Figure 71a, 
b) and the one in grafted sample originates from the unreacted tert-butyl nitrite and/or unreacted 
AQ molecules. Similar analysis of diazonium coupled quinones on carbons and metal surfaces 
have been assigned to covalent functionalization of quinones by other research groups.[385–388] 
Nevertheless, based on these analyses we are confident that diazonium reaction occurs on MXene 
surface. 
(b) Effect of covalent grafting of aminoquinones on charge storage performance 
of Ti3C2Tx MXene  
Charge storage performance of a 44 µm thick AQ@Ti3C2Tx (grafted) film was compared pristine 
Ti3C2Tx film using CV in a 3-electrode configuration at different scan rates between 5 and 100 mV/s. 
We selected voltage window of +0.2 to -0.6 and 3 M H2SO4 was used as an electrolyte. CV curves (73a, 
b) of both pristine and AQ@Ti3C2Tx (grafted) film showed a narrow spaced reversible redox peak 
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centered at ~ -0.2/-0.26 V vs. Ag/AgCl. As the scan rate was raised, the peak separation was increased 
due to proton transport limitations in thick electrodes.[23]   
 
Figure 73: CV curves of (a) 25 µm thick pristine Ti3C2Tx film, and (b) 44 µm thick AQ@Ti3C2Tx (grafted) films at 
scan rates between 5-100 mV/s in 3 M H2SO4. (c) GCD curves of a AQ@Ti3C2Tx (grafted) films at various current 
densities. (d) Rate performance of optimized composition of AQ@Ti3C2Tx (grafted), and its comparison with its 
pristine counterpart. 
The GCD curves (Figure 73c) of AQ@Ti3C2Tx (grafted) film at different current densities showed 
symmetric charge/discharge profile, confirming high reversibility of the redox process with high 
coulombic efficiency. The curvy shaped GCD further confirmed the pseudocapacitive charge storage 
within hybrid film. Moreover, AQ@Ti3C2Tx (grafted) film showed good rates performance across all 
the tested scan rates (Figure 73d). Even a 44 µm AQ-grafted film was capable to store over 300 F/g (5 
mV/s), which is higher than its 25 µm pristine counterpart. This improved charge storage performance 
may further confirm the grafting of the redox-active AQ molecules which brought more capacitance 
due to two electrons redox of the carbonyl moieties.[33,109] From both surface chemistry and 
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electrochemical tools, it is quite convincing that surface functionalization of MXene is possible and 
many other organic molecules can be grafted to MXene surface for energy storage applications and 
beyond.      
3.2.5.5 Multi-electron redox organics/MXene hybrids  
In section 3.2.4, we explored quinone-coupled viologen and pyridinium derivatives which have shown 
pronounced multi-electron redox peaks both in 3-electrode configurations and in asymmetric devices. 
Our aim to combine multi-electron redox molecules with MXene was two-fold: (1) to investigate the 
intercalation of quinone-coupled viologen and pyridinium derivatives between MXene layers, and (2) 
to study the role of interface on charge storage performance of resulting hybrids. To prepare MXene-
multielectron redox hybrids, we mixed the target organic molecules with 1:2 organic to MXene weight 
ratios. Resulting suspensions were filtered to get films, which were used for further characterizations. 
Further details on hybrid preparation is provided in experimental section. 
(a) Intercalation and charge storage performance of multi-electron redox 
organics/MXene hybrids 
XRD analysis were conducted on C1, C2 and C3 films (Figure 74a). Here C1 and C2 are pyridinium 
derivative and C3 is a viologen derivative. Larger MXene layer expansion was noticed for pyridinium 
derivatives compared to viologen derivatives-based hybrid, likely because the studied pyridnuim 
derivatives are smaller in size and may offer better packing between MXene layers. A clear downshift 
in in the (0002) peak from ~7.1° to ~3.97°, 4.24°, and 4.53° was noticed for C1, C2, and C3-
MXene hybrids, respectively. This largest shift (C1 hybrid) corresponds to nearly 20 Å spacing 
between MXene layers, which is significantly higher compared to our previous MXene-organic 
hybrids.    
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Figure 74: (a) XRD patterns of multi-electron redox organic molecules/MXene hybrids. CV curves of (b) C1, (c) C2 
and (d) C3 hybrids tested in 3 M H2SO4. (e) Corresponding rate performance showing high capacitance at high scan 
rates.    
The electrochemical performance of all three hybrids was investigated in a three-electrode 
configuration within potential range of -0.6 to +0.2 in 3 M H2SO4 electrolyte (Figure 74b-d). No 
extra redox peaks were seen from the C1 and C2 compounds, which otherwise appear at carbon 
interface. This probably due to different potential window as majority of the quinones are redox-
active at high positive potentials.[33,109] This may also explain that redox-activity of these organics 
is silent at MXene interface, since the capacitance in drop was noticed at low scan rates (Figure 
74e). While an additional peak emerged at ~0.2 V in case of C3 hybrid, we did not see increase in 
capacitance at low rates. However, it is obvious that all hybrids showed higher capacitance at high 
scan rates compared to its pristine counter parts, which can be attributed to the better accessibility 
of ions due to expanded MXene layers.[23] Further electrode optimization may show different 
electrochemical performance.   
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Chapter 4: Conclusions and future work 
Organic materials are promising due to their high theoretical capacitance, structural diversity, 
scalability, high safety, sustainability, flexibility, and potential low cost. However, there are many 
challenges which hinder their use in aqueous supercapacitors including, low conductivity, poor 
cycle life, high solubility, and lack of matching negative electrodes.  
1. Our approach to solve these issues was to engineer most promising redox-active organic 
molecules with conductive nanomaterials. These combinations were named as redox-active 
organic-inorganic hybrids. 
2. Different monomers namely aniline, pyrrole and 3,4-ethylenedioxythiophene, were 
chemically polymerized on 3D porous carbon and 2D reduced graphene oxide (rGO) sheets 
to counteract the two key issues of conducing polymers, namely poor conductivity, and 
volume expansion/shrinkage during electrochemical operation. As a result, high 
capacitance retention of over 97% was achieved after 10,000 charge/discharge cycles for 
the case of polyaniline deposited porous carbon electrodes. All other conducting polymer-
carbon hybrids showed high pseudocapacitance and better rate performance at high 
positive potentials.  
3. To manufacture asymmetric devices, finding a matching pseudocapacitive negative 
electrode for conducting polymers was a challenge for us as well as in the field. The reason 
is because conducting polymers perform in acidic media, and only handful of capacitive 
materials work at negative potentials in acidic electrolytes due to hydrogen evolution. We 
discovered that 2D Ti3C2Tx can serve as a universal negative electrode material in 
conducting polymer-based aqueous asymmetric supercapacitors due to its high 
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pseudocapacitance in low pH electrolytes. To demonstrate generality of this approach, we 
paired 2D Ti3C2Tx with different positive electrodes namely polyaniline, polypyrrole, and 
poly(3,4-ethylenedioxythiophene), deposited on rGO sheets. 
4. This demonstration led to a new concept of manufacturing hybrid devices namely organic-
inorganic all-pseudocapacitive asymmetric devices. Notably, PANI-based asymmetric 
devices allowed to expand the voltage window up to 1.45 V in 3 M H2SO4, offered high 
energy density of 17 Wh/kg, and an outstanding capacitance retention of over 88% after 
20,000 cycles, which is one of the highest for PANI-containing, as well as MXene-based 
asymmetric supercapacitors. In this unique asymmetric combination, both organic 
(conducting polymers) and inorganic (MXene) electrodes electrochemically complement 
each other. The discovered approach is general and can be extended to many other redox-
active polymers.  
5. Since conducting polymers exchange less than one electron during electrochemical 
operation, it was needed to systematically explore variety of discrete organic families 
capable of exchanging single to multi-electron redox/formula unit for pseudocapacitive 
energy storage in aqueous electrolytes. This is partly because capacitance is proportional 
to the number of electron exchange at the electrode/electrolyte interface. Investigated 
molecules can be used as parent molecules to further functionalize them to tune their charge 
storage performance, opening a new research direction. 
6. For the first time, we showed that phenothiazines—oldest synthetic antipsychotic drug—
offer remarkable potential for charge storage performance. Phenothiazine- rGO hybrid 
exhibited more than two times improvement in capacitance compared to its pristine 
counterpart. Importantly, optimized electrodes showed remarkable capacitance retention 
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of 77% after 80,000 charge/discharge cycles. Aqueous asymmetric devices based on 
phenothiazine-rGO//Ti3C2Tx MXene showed expanded voltage window (1.4 V), high rate, 
and exceptional cycling performance (30,000 cycle, 80%). Rarely any organic molecule in 
an asymmetric configuration has shown such great cycling stability in literature, which is 
one of the greatest challenge with organic electrodes. The most crucial factor for high 
capacitance retention is the stability of phenothiazine radical during electrochemical 
operation which suppressed the degradation during cycling performance, yielding high 
capacitance retention after notably long cycle life. Moreover, high electronic conductivity 
of both rGO and MXene offered continues electronic pathways for stable performance.  
7. Previously, the most promising way to achieve stable electrochemical performance of 
organic molecules was to covalently graft them on conductive carbons. Opposed to earlier 
understanding, we showed that only π-π interactions are sufficiently strong to keep organic 
molecules intact during electrochemical operation to achieve high rate and long cycle life 
organic electrodes. For example, 2, 5-dimethoxy-1,4- benzoquinone (DMQ) deposited on 
rGO sheets showed remarkable electrochemical performance (of 650 F/g, 780 F/cm3, 5 
mV/s, 1 M H2SO4,) and stable cycle life performance (99%, 25,000 cycles, 50 mV/s) which 
outperformed previously reported quinones and conducting polymer-containing electrodes. 
Using DFT calculations, we further elucidate that the charge storage mechanism is π-π 
stacking interaction, where DMQ offered the highest binding energies on graphene (-1.36 
eV), much higher than its counterpart, HQ (-1.01 eV). Moreover, we saw that DMQ 
exhibited large charge distribution on graphene surface due to presence of methoxy groups, 
which hampered the parasitic reactions of DMQ and led to long cycle life. Our joint 
experimental and theoretical results further suggested that the right choice of the 
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conductive substrate, electrode architecture and electrochemically active organic 
molecules are important parameters to achieve high capacitance and long cycle life 
electrodes in future. For instance, molecules like DMQ, which are stable due to the steric 
hindering effect of the methoxy groups present at 2, 5- positions, may become a practical 
choice for commercial supercapacitor applications.  
8. Since quinones store most charges in acidic media, finding matching negative electrode 
was a challenge in field.  We offered a solution by pairing them with Ti3C2Tx electrodes. 
While addressing this issue, we discovered a new quinone molecule, namely 2, 5-
dihydroxy-1,4- benzoquinone (DBQ) with remarkable charge storage performance (503 
F/g, 809 F/cm3, 2mV/s) when deposited on rGO sheets. Even at a high rate of 10 V/s, 
optimized electrodes kept capacitance of 83 F/g (133 F/cm3), one of the highest for any 
quinone-containing electrodes at comparable scan rates. When cycling performance of 
various compositions was tested, optimized electrodes showed capacitance retention as 
high as 83% after 100,000 cycles, which is among the highest for any discrete organic 
molecule in an electrode of comparable thickness. We found a trade-off between 
capacitance and cyclability and revealed that a balanced organic molecule-conductive 
substrate ratio is crucial for the best performance of hybrid electrodes. The DFT 
calculations indicated that a strong interaction between DBQ molecules and graphene with 
the highest binding energies of -1.06 eV resulted in electron transport to confined DBQ 
molecules for continuous charge percolation that led to long cyclability of DBQ@rGO 
electrodes. Opposed to earlier notion, we also found that by rationally designing organic-
conductive supports electrode architectures, it is possible for organic materials to deliver 
high pseudocapacitance, rate, and remarkable long cycle life. We have further shown that 
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pseudocapacitive organic-containing electrodes, such as DBQ@rGO, can be paired with 
high performance Ti3C2Tx MXene electrodes to expand the voltage window (thus energy 
density) of quinones and MXene in organic-inorganic all-pseudocapacitive asymmetric 
aqueous devices. In such devices, both electrodes of varying chemistries and redox 
potentials electrochemically complement each other to expand the voltage window to 1.4 
V in 3 M H2SO4. This is one of the highest reported voltage window in an asymmetric 
configuration for the MXene-based aqueous asymmetric supercapacitors. It is important to 
mention that our approach is not limited to a single quinone molecule and Ti3C2Tx MXene, 
but sets up a research direction which needs to explore wide variety of high capacitance 
and long cycles life multi-electron redox-active organic molecules to pair them with variety 
of other known MXenes to manufacture high energy and power density all-
pseudocapacitive organic-inorganic asymmetric devices.    
9. Multi-electron systems (e.g., quinone-coupled viologen derivatives) offered potential for 
pseudocapacitive applications when combined with rGO sheets. These hybrids showed 
pronounced redox peaks of multi-electron exchange at rGO interface both in 3-electrodes 
and in asymmetric devices. In an asymmetric configuration, these hybrids were capable to 
deliver highest energy density of 20 Wh/kg at low power rates, and 80% capacitance 
retention after 10,000 cycles. These electrodes need further optimization.   
10. Ti3C2TX MXene has high electronic conductivity and good intrinsic capacitance, therefore, 
was a material of choice as a conductive support for the deposition of organic 
molecules/polymers. We discovered that Ti3C2TX MXene initiates polymerization for 
many monomers. For instance, heterocyclic pyrrole molecules were in-situ aligned and 
polymerized in the absence of an oxidant between layers of the 2D Ti3C2Tx (MXene), 
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resulting in high volumetric and gravimetric capacitances with capacitance retention of 
92% after 25,000 cycles at a 100 mV/s scan rate. The strategy was shown on EDOT 
monomer as well and polymerization was confirmed by several spectroscopic tools. First-
principle calculations confirmed parallel adsorption of EDOT with the lowest binding 
energy of -1.02 eV. We also found a transfer of 0.34 electrons from each EDOT monomer 
to Ti3C2Tx flake upon adsorption. This electron transfer initiated the in-situ polymerization 
of EDOT on MXenes, evidenced by the fact that its energy cost decreased with the charge 
transfer.  
11. Knowing the reactive chemistry of MXene, it was crucial for us to understand the 
interaction mechanism of synthetic conjugated polymers with MXene surface. We 
synthesized a family of polyfluorene derivatives having the same conjugated backbone but 
different lateral chains, namely, apolar, polar, and end-charged group alkyl chains, to 
investigate the interaction mechanism that leads to separation of Ti3C2Tx flakes. 
Characterization using X-ray diffraction and various spectroscopic tools suggests that 
polymers bearing charged nitrogen-containing groups juxtapose with Ti3C2Tx layers, hence 
expanding the interlayer spacing better than nonpolar and polar but neutral polymers. TEM 
results showed that the charged polymer was confined between the Ti3C2Tx layers. A strong 
shift in FTIR and XPS peaks suggested that charged ends of the polymers play a crucial 
role in chemical interaction with MXene surfaces and most likely assist in the intercalation 
process. The charged polymer@Ti3C2Tx hybrid exhibited improved gravimetric 
capacitance and a very high volumetric capacitance, along with high capacitance retention 
at both low and high scan rates. We attribute this to the improved accessibility of the 
MXene surface to protons due to pillaring of the Ti3C2Tx layers by polymer chains. We 
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stress that low molecular weight polymers with redox functionalities can aid in the 
intercalation process and provide a high redox capacitance for energy storage applications. 
12. Organic molecules are mostly composed of C, N, O, and S. To gain further mechanistic 
understanding of how organic molecules having different end-groups interact with MXene, 
we selected four small organic molecules having single aromatic ring but different end-
groups namely, 1,4-benzenediol (HQ), 1,4-benzenedithiol (Th), 1,4-phenylenediamine 
(PPD), and N, N, N′, N′-tetramethyl-p-phenylenediamine (TMPD) having end-group 
namely O, S, primary N, and tertiary N, respectively. We discovered that end-group of 
organic molecules plays a crucial role to alter MXene properties. Our XRD results 
suggested that order of intercalation of organic molecules is end-group dependent i.e., O > 
S > primary N > tertiary N. TEM results suggested that molecules are aligned and confined 
between MXene layers. FTIR and Raman spectroscopies confirmed that interaction of 
organic molecules is dependent on the end-group. We saw MXene-induced polymerization 
of PPD in absence of any oxidant. In case of Th, -SH groups peaks were missing, which 
may suggest these groups were removed due to catalytic effects of MXene. The hydroxyl 
end-groups were found least reactive. DFT calculation confirmed that molecules prefer 
parallel adsorption on MXene surface. Highest binding energies of -1.8 eV were found for 
the PPD molecules, which is one of the highest for any reported organic molecule adsorbed 
on MXene surface. From our calculations, the order of binding strength of organic 
molecules having end-groups O, S and N on MXene is found to be O>S>N. We also found 
that there were 0.86, 0.47, and 0.41 electrons transferred from PPD, Th, and HQ to MXene, 
respectively. High number of electron exchange from PPD to MXene may be a strong 
reason of polymerization of PPD in absence of oxidants. The order of charge transfer 
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followed the order of binding energies (i.e., O>S>N). MXene-organic hybrids showed 
improvement in capacitance at high scan rates due to pillaring effect. The mechanistic 
understanding provided in this section is extremely crucial for the development of MXene-
organic hybrids.  
13. For the first time, we tried to functionalize Ti3C2Tx MXene with quinones using diazonium 
chemistry. Using several spectroscopic, microscopic, and electrochemical tools, we were 
confident that diazonium reaction occurs on MXene interface, like earlier reports on 
titanium nitride. We also confirmed that quinone-coupled viologen and pyridinium 
derivatives intercalate between MXene layers, causing nearly 20 Å spacing between 
MXene layers. While these molecules were redox-active on carbon interface, the redox 
was absent on MXene interface, probably due to different potential window or different 
interface.  
The following are the future guidelines: 
1. The role of interface on charge transfer reactions need to be explored at molecular 
level. The fundamental reasons of redox activity of a molecule on carbons and its 
absence on Ti3C2Tx MXene interface need to be explored.  This will allow to design 
interface-specific redox-active molecules for next generation of organic-inorganic 
hybrids.   
2. Redox-active molecules which are electrochemically active at high negative 
potentials need to be explored. This will allow to combine them with our optimized 
positive electrodes to manufacture all-organic pseudocapacitors. 
3. The effect of confinement on charge transfer/storage and cycle life of organic 
molecules need to be explored. The knowledge of electrochemical behavior of a 
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single molecule on a conductive substrate or confined between pores/sheets is much 
needed.  
4. Much work needs to be done to control the surface chemistry of MXene. Having 
control over surface functional groups will open new window of MXene-organic 
chemistry. We have given a starting point for researcher by showing diazonium 
chemistry on MXene. The kinetics, propagation, and molecular weights of MXene-
induced polymers need to be explored.  
5. New conducting redox polymers need to be synthesized. They may offer enormous 
potential for pseudocapacitors in both aqueous and non-aqueous electrolytes.    
6. Redox-active organic materials need to be explored in both organic and ionic liquids. 
This probably will push the energy density of pseudocapacitors closer to commercial 
rechargeable batteries while retaining high power and longer cycle life compared to 
batteries.    
7. Novel in-situ characterization are needed to understand the electron and ion 
transport mechanism in a single molecule-carbon/MXene interface.   
8. Self-discharge of hybrid electrodes need to be explored.  
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